Atty Docket No.: 203284/1235 (Serial No.: 09/963,875) 
Inventors: Habener, et al. 
Filed: September 26, 2001 
Amendment Response to Office Action 

REMARKS 

Claims 39-41, 43, 74, 77-79, 85-107 and 109-111 are pending. Claims 1-38, 42, 44-73, 75- 
76, 80-84 and 108 are canceled without prejudice. 

Applicants submit that no new matter has been added as a result of this amendment. 

Applicants submit that claims 39-41, 43, 74, 77-79 and 85-107 are rejected for alleged 
obviousness over WO 97/15310. Applicants also submit that claims 74 and 109-1 1 1 are rejected 
for alleged lack of novelty in view of WO 97/15310. The instant claims are directed to an 
isolated nestin-positive, GLP-lR-positive or nestin and GLP-1R positive human pancreatic or 
liver stem cell. 

Applicants have identified a post-filing U.S. Patent (U.S. 6,436,704; attached herein as 
Exhibit A) that includes the following claim: "A substantially pure population of human 
pancreatic progenitor cells, wherein said population of pancreatic progenitor cells will 
differentiate into acinar, ductal and islet cells." The phrase "substantially pure population of 
pancreatic progenitor cells" is defined in the '704 patent at column 7, lines 15 through 19 as 
"comprised at least about 85% pancreatic progenitor cells, preferably at least about 90% , and 
even more preferably about 95% or more." 

The inventors of the '704 patent submitted an Information Disclosure Statement on August 
9, 2000 (attached as Exhibit B) that included the WO 97/15310 PCT application cited by the 
Examiner in the instant application. Although Examiner Woitach of Art Unit 1632 signed the 
Information Disclosure Statement on April 10, 2001, the '310 Application was not cited during 
the prosecution of the '704 patent. 

Applicants respectfully submit that it is impossible to conclude that the instant claims to 
"an isolated nestin-positive, GLP-1R positive or nestin and GLP-1R positive human pancreatic 
or liver stem cell" are obvious in view of the '310 patent while claim 1 of the '704 patent to "a 
substantially pure population of human pancreatic progenitor cells, wherein said population of 
pancreatic progenitor cells will differentiate into acinar, ductal and islet cells" is not. Further, 
Applicants respectfully submit that it is impossible to conclude that the instant claims to "an 
isolated nestin-positive, GLP-1R positive or nestin and GLP-1R positive human pancreatic or 
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liver stem cell" lack novelty over the '310 application while claim 1 of the '704 patent to "a 
substantially pure population of human pancreatic progenitor cells, wherein said population of 
pancreatic progenitor cells will differentiate into acinar, ductal and islet cells" does not. 

Applicants would appreciate discussing this matter with Examiners Belyavskyi and 
Woitach. 

Rejection of Claims 39-41. 43, 77-79. and 85-107 under 35 U.S.C. S103to 

Claims 39-41, 43, 74, 77-79, and 85-107 are rejected under 35 U.S.C. § 103(a) for alleged 
obviousness over WO 97/15310. 

Applicants respectfully traverse the rejection. 

For the reasons described below, Applicants respectfully submit that the Examiner has 
failed to establish a prima facie case of obviousness under the requirements of 35 U.S.C. § 
103(a). To establish a prima facie case of obviousness, three basic criteria must be met. First, 
there must be some suggestion or motivation, either in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to modify the reference or to 
combine reference teachings (In re Vaeck, 947 F.2d 488, 20 USPQ2d 1438 (Fed. Cir. 1991)). 
Second, there must be a reasonable expectation of success. The teaching or suggestion to make 
the claimed combination and the reasonable expectation of success must both be found in the 
prior art, and not based on Applicants' disclosure. Finally, the prior art reference (or references 
when combined) must teach or suggest all the claim limitations. In re Royka, 490 F.2d 981, 180 
U.S.P.Q. 580 (C.C.P.A. 1974). 

No reasonable expectation of success in arriving at the claimed invention. Unexpected 
results. 

Applicants submit that even if the '310 application were to present a prima facie case of 
obviousness with respect to the instant claims (which it does not), one of skill in the art would 
not have a reasonable expectation of success in arriving at the invention as claimed. That is, the 
subject matter of the instant claims is unexpected. 
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Evidence of unexpected results in found in the accompanying Rule 1.132 declaration by 
Dr. Joel Habener in which evidence is presented (Exhibit C) demonstrating that persons of skill 
in the art (that is reviewers of a JDRF grant application based on work performed in Dr. 
Habener' s laboratory characterizing pancreatic stem cells (review dated May 27, 2003) did not 
believe in the existence of a population of isolated nestin-positive pancreatic stem cells. That is 
Exhibit C demonstrates significant doubt by one of skill in the art as to the existence of nestin- 
positive pancreatic stem cells. 

The reviewers make the following statements that demonstrate clearly the reviewers' 
disbelief regarding a population of isolated nestin-positive pancreatic stem cells: 

• "The reviewers felt that overall the submission of the application is largely premature due 
to a fundamental lack of supporting preliminary data that is required to support the novel 
and somewhat controversial hypothesis presented ." 

• "This proposal is based on works performed in the laboratory of Dr. Habener. While the 
work published by Dr. Habener is interesting, it is not yet fully accepted by the 
scientific community . For example, works performed by the group of Helena Edlund in 
Sweden or Luc Bouwens in Belgium strongly suggest that nestin-positive cells present in 
the pancreas are not pancreatic stem cells." 

• "If human pancreatic stems cells could be used as a starting source to generate human 
beta cells, this would be a dream ." 

• "The major problem with this study is that there are at least two publications last 
year. . .which very thoroughly have investigated this working hypothesis. Both of them 
concluded from their data, quite in contrast to the studies by Habener et al. that they call 
for caution in trying to generate beta cells from nestin-positive cells." 

• "The proposal addresses an important issue but for the reasons given above one has to be 
quite skeptical as regards the scientific basis for the study." 

Additional evidence of unexpected results discussed in the accompanying Rule 1.132 
declaration by Dr. Habener is presented (Exhibit D) demonstrating that persons of skill in the art 
(that is reviewers of Dr. Habener's manuscript relating to the claimed subject matter of the 
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instant application) did not believe that a population of isolated nestin-positive stem cells existed. 
That is, Exhibit D demonstrates significant doubt by one of skill in the art as to the existence of 
an isolated population of nestin-positive stem cells. 

The Examiner asserts that the Peck et al. reference does not specifically teach an isolated 
nestin-positive or GLP-1R positive human pancreatic or liver stem cell that is not a neural cell. 
The Examiner asserts that the cells described in the Peck application are "obviously" nestin- 
positive or GLP-1R positive since the cell population taught in Peck is identical to that claimed 
in the instant application. 

Applicants submit herewith a Rule 1.132 declaration by Dr. Gordon C. Weir, an expert in 
the field of diabetes research. The Rule 1.132 declaration demonstrates that in Dr. Weir's 
opinion the Examiner has incorrectly assumed that the cells described in the Peck application are 
nestin-positive or GLP-1R positive. 

The Rule 132 declaration of Dr. Weir describes the current state of the art regarding 
pancreatic stem cells as complex. That is, numerous distinct populations of pancreatic stem 
cells have been identified. 

A population of stem cells that exhibit the phenotype of pancreatic duct cells can serve as 
precursor cells that differentiate into beta cells (S. Bonner- Weir, M. Taneja, G.C. Weir, K. 
Tatarkiewicz, K.H. Song, A. Sharma, J. J. 0 ? Neil ? In vitro cultivation of human islets from 
expanded ductal tissue, Proc Natl Acad Sci U S A 97 (2000) 7999-8004; Exhibit E). Another 
population of cells that does not exhibit a phenotype of pancreatic duct cells can differentiate 
toward a beta cell phenotype (R.M. Seaberg, S.R. Smukler, TJ. Kieffer, G. Enikolopov, Z. 
Asghar, M.B. Wheeler, G. Korbutt, D. Van Der Kooy, Clonal identification of multipotent 
precursors from adult mouse pancreas that generate neural and pancreatic lineages, Nat 
Biotechnol 22 (2004) 1115-1 124; Exhibit F; A. Suzuki, H. Nakauchi, H. Taniguchi, Prospective 
isolation of multipotent pancreatic progenitors using flow-cytometric cell sorting, Diabetes 53 
(2004) 2143-2152F; Exhibit G). A third population of stem cells has been identified wherein 
these cells are small and develop some beta cell features (M.Z. Ratajczak, B. Machalinski, W. 
Wojakowski, J. Ratajczak, M. Kucia, A hypothesis for an embryonic origin of pluripotent Oct- 
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4(+) stem cells in adult bone marrow and other tissues, Leukemia 21 (2007) 860-867; Exhibit 
H). These cells are distinct from the cells described in the Bonner- Weir, Seaberg and Suzuki et 
al. publications. Finally, other publications describe potential human precursor cells that may be 
distinct from the cells identified in Peck and described in the above-referenced patent application 
(L. Ouziel-Yahalom, M. Zalzman, L. Anker-Kitai, S. Knoller, Y. Bar, M. Glandt, K. Herold, S. 
Efrat, Expansion and redifferentiation of adult human pancreatic islet cells, Biochem Biophys 
Res Commun 341 (2006) 291-298; Exhibit I; M.C. Gershengorn, A. A. Hardikar, C. Wei, E. 
Geras-Raaka, B. Marcus-Samuels, B.M. Raaka, Epithelial-to-mesenchymal transition generates 
proliferative human islet precursor cells, Science 306 (2004) 2261-2264; Exhibit J.) 

Dr. Weir asserts that given that there are clearly numerous populations of pancreatic 
stem cells, it is his opinion that without additional experimentation one cannot conclude that the 
cells described in the Peck publication are either nestin-positive or GLP-1R positive. That is, 
one cannot conclude that the cells described in the Peck et al. publication are "obviously" nestin 
and/or GLP-1R positive. 

Dr. Weir also asserts that it is his opinion that as of the earliest filing date of the instant 
application (December 6, 1999) one of skill in the art would neither have predicted nor expected 
the existence of a nestin and/or GLP-1R positive pancreatic stem cell. As of December 6, 1999 
the concept of nestin was extremely novel. In addition, the first demonstration of the role of 
GLP in neogenesis was not until the December 1999 publication from Dr. Habener's laboratory. 
In view of the unexpected nature of the claimed subject matter of the instant application, 
Applicants submit that the claimed subject matter is clearly not obvious in view of the Peck et al. 
application. 

In view of all of the above, Applicants submit that claims 39-41, 43, 74, 77-79, and 85-1 1 1 
are patentable over the WO 97/15310 application. Applicants respectfully request 
reconsideration and withdrawal of the 35 U.S.C. § 103(a) rejection. 

Rejection of Claims 74 and 109-1 1 1 under 35 U.S.C. §102fb) 

Claims 74 and 109-1 1 1 are rejected under 35 U.S.C. §102(b) for allegedly being 
anticipated by WO 97/15310. 
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Applicants have discussed the '704 patent of Roberts et al. above. Applicants respectfully 
submit that it is impossible to conclude that the instant claims to "an isolated nestin-positive, 
GLP-1R positive or nestin and GLP-1R positive human pancreatic or liver stem cells" lack 
novelty over the c 3 10 application while claim 1 of the '704 patent to "a substantially pure 
population of human pancreatic progenitor cells, wherein said population of pancreatic 
progenitor cells will differentiate into acinar, ductal and islet cells" does not. 

In view of the above, Applicants request reconsideration and withdrawal of the rejection. 



Applicants submit that in view of all of the above, all claims are allowable as written and 
respectfully request early favorable action by the Examiner. 



CONCLUSION 



Respectfully submitted, 



Date: July 11, 2007 




Name: Elizabeth N. Spar 
Registration No.: 45,123 
Customer No.: 29933 
Edwards Angell Palmer & Dodge LLP 
P.O. Box 55874 
Boston, MA 02110 
Tel: 617-239-0100 
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DECLARATION UNDER 37 CFR 1.132 BY JOEL F. HABENER, M.D. 

I declare: 

1 . I, Joel F. Habener hold an M.D. degree from the University of California, Los Angeles. I 
received my M.D. degree in 1965. My current position is Associate Physician at the 
Massachusetts General Hospital and Professor of Medicine at Harvard Medical School. I have 
held the position of Associate Physician since 1989. I have held the position of Professor of 
Medicine at Harvard Medical School since 1989. Previously, I held the position of Associate 
Professor of Medicine at Harvard Medical School from 1975-1988 and also held the position of 
Howard Hughes Investigator from 1976-2006. I am an inventor of the above-referenced patent 
application. 

2. I have read the Office Action dated November 16, 2006, filed in the above-referenced 
patent application and understand that the Examiner has rejected claims 39-41, 43, 77-79, and 
85-107 for alleged obviousness over WO 97/15310. 

3. Exhibit C, attached, is a JDRF Industry Grant Review Summary Statement dated May 27, 
2003 which was written in response to a JDRF grant based on research performed in my 
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laboratory characterizing pancreatic stem cells. The grant application was prepared and 
submitted by Viacell Inc., and describes the generation of human beta cells from endogenous 
pancreatic stems cells and the testing of these cells in transplant models of diabetic mice and 
primates. 

4. The Grant Review Summary Statement was prepared by a panel of experts in the field of 
diabetes and represents a very recent state of the art critique by those of skill in the art. The 
Statement evidences a disbelief in the existence of nestin-positive pancreatic stem cells. The 
reviewers make the following statements that demonstrate clearly the reviewers' disbelief 
regarding a population of isolated nestin-positive pancreatic stem cells: 

• "The reviewers felt that overall the submission of the application is largely premature due 
to a fundamental lack of supporting preliminary data that is required to support the novel 
and somewhat controversial hypothesis presented " 

• "This proposal is based on works performed in the laboratory of Dr. Habener. While the 
work published by Dr. Habener is interesting, it is not vet fully accepted by the 
scientific community . For example, works performed by the group of Helena Edlund in 
Sweden or Luc Bouwens in Belgium strongly suggest that nestin-positive cells present in 
the pancreas are not pancreatic stem cells." 

• "If human pancreatic stems cells could be used as a starting source to generate human 
beta cells, this would be a dream. " 

• "The major problem with this study is that there are at least two publications last 
year. . .which very thoroughly have investigated this working hypothesis. Both of them 
concluded from their data, quite in contrast to the studies by Habener et al. that they call 
for caution in trying to generate beta cells from nestin-positive cells " 

• "The proposal addresses an important issue but for the reasons given above one has to be 
quite skeptical as regards the scientific basis for the study." 

5. The review thus establishes that a panel of those skilled in the art did not reasonably 
expect that a population of nestin-positive stem cells was present and could be isolated from the 
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pancreas. 



6. Exhibit D, attached, is correspondence for the scientific journal Diabetes wherein a 
manuscript that I prepared and submitted for publication, describing nestin-positive pancreatic 
stem cells was rejected three times. A panel of expert reviewers evidenced their disbelief in the 
existence of a nestin-positive pancreatic stem cells. 

7. As evidenced by Exhibits C and D presented herein, the results that are presented in the 
above-referenced patent application with respect to an isolated nestin-positive pancreatic stem 
cell were unexpected and surprising. 

I hereby declare that all statements made herein of our own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 
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DECLARATION UNDER 37 CFR 1.132 BY, GORDON C. WEIR, MD. 
I Dr. Gordon C. Weir declare: 

1 . I hold an M.D degree in Medicine from Harvard Medical School I received my M.D. 
degree in 1967. My current position is Professor of Medicine at Harvard Medical School and 
Head of the Section on Islet Transplantation and Cell Biology at Joslin Diabetes Center. I have 
held these positions since 1990. 

2. I am not an inventor of, nor do I have a financial interest in, the above-referenced patent 
application or its owner. 

3. Since 1971, 1 have performed scientific research in the field of diabetes. In particular, I 
have extensive experience with the islets of Langerhans. My research has been devoted to 
determining 1) methods of improving the function of these cells function better; and methods of 
replenishing these cells through transplantation or stimulation of the growth of these cells in the 
pancreas of individual diagnosed with diabetes. The work of my colleagues and I have provided 
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important knowledge to this field. Relevant to this patent issue, ray colleagues and I have been 
deeply involved in the challenge of making new beta cells in vitro. We have ourselves made 
important contributions. We have also followed carefully the work of Peck and Habener, I have 
over 270 publications relating to the topic of diabetes. I have lectured on the topic of diabetes 
and the islets of Langerhans at numerous invited seminars. I have reviewed manuscripts 
presenting data describing diabetes and the islets of Langerhans. I have also received research 
grants and fellowships both from government and private agencies to fund my investigations of 
islet transplantation and cell biology, A copy of my curriculum vitae is attached (Exhibit K). I 
believe that I am an expert in the fields of islet transplantation and cell biology. 

4. I understand that the Examiner of the above-referenced patent application has rejected 
claims 39-41, 43, 77-79 and 85-107 of the patent application for allegedly being obvious in view 
of Peck etal. WO 97/15310, 

5 . I have read Peck et al. WO 97/153 1 0. 

6. I understand that it is the Examiner's opinion that the Peck et al. reference does not 
specifically teach an isolated nestin-positive or GLP-1R positive human pancreatic or liver stem 
cell that is not a neural cell. I also understand that the Examiner asserts that the cells described 
in the Peck et al. publication are "obviously" nestin-positive or GLP-1R positive since the cell 
population taught in Peck is identical to that claimed in the instant application. 

7. It is my opinion that the current state of the art regarding pancreatic stem cells is that 
multiple types of pancreatic stem cells have been recognized. That is s there is clearly more than 
one population of pancreatic stem cells. 
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8. A population of stem cells that exhibit the phenotype of pancreatic duct cells can serve as 
precursor cells that differentiate into beta cells (S, Bonner-Weir, M. Taneja, G.C. Weir, K. 
Tatarkiewicz, K.H. Song, A. Sharma, J J. O'Neil, In vitro cultivation of human islets from 
expanded ductal tissue, Proc Natl Acad Sci U S A 97 (2000) 7999-8004; Exhibit E). Another 
population of cells that does not exhibit a phenotype of pancreatic duct cells can differentiate 
toward a beta cell phenotype (R.M. Seaberg, S,R. Smukler, T.J, Kieffer, G. Enikolopov, Z, 
Asghar, M.B. Wheeler, G. Korbutt, D, VanDer Kooy, Clonal identification of multipotent 
precursors from adult mouse pancreas that generate neural and pancreatic lineages, Nat 
Biotechnol 22 (2004) 1115-1 124; Exhibit F; A. Suzuki, H, Nakauchi, H. Taniguchi, Prospective 
isolation of multipotent pancreatic progenitors using flow-cytometric cell sorting, Diabetes 53 
(2004) 2143-2152F; Exhibit G). A third population of stem cells has been identified wherein 
these cells axe small and develop some beta cell features (MZ, Ratajczak, B. Machalinski, W. 
Wojakowski, J. Ratajczak, M. Kucia, A hypothesis for an embryonic origin of pluripotent Oct- 
4(+) stem cells in adult bone marrow and other tissues, Leukemia 21 (2007) 860-867; Exhibit H). 
These cells are distinct from the cells described in the Bonner-Weir, Seaberg and Suzuki et al. 
publications. Finally, other publications describe potential human precursor cells that may be 
distinct from the cells identified in Peck and described in the above-referenced patent application 
(L. Ouziel-Yahalom, M. Zalzman, L. Anker-Kitai, S. Knoller, Y. Bar, M. Glandt, K. Herold, S. 
Efrat, Expansion and ^differentiation of adult human pancreatic islet cells, Biochem Biophys Res 
Commun 341 (2006) 291-298; Exhibit I; M.C. Gershengorn, A.A. Hardikar, C. Wei, E. Geras- 
Raaka, B. Marcus-Samuels, B.M. Raaka, Epithelial-to-mesenchymal transition generates 
proliferative human islet precursor cells, Science 306 (2004) 2261-2264; Exhibit J.) 

9. Given that there are clearly numerous populations of pancreatic stem cells, it is my 
opinion that without additional experimentation one cannot conclude that the cells described in 
the Peck publication are either nestin-positive and/or GLP-1R positive. That is, one cannot 
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conclude that the cells described in the Peck et aL publication are "obviously" nestin and/or 
GLP-1R positive. 

1 0. It is also my opinion that as of the earliest filing date of the instant application (December 
6, 1 999) one of skill in the art would neither have predicted nor expected the existence of a 
nestin and/or GLP-1R positive pancreatic stem cell. As of December 6, 1999 the concept of 
nestin was extremely novel. In addition, the first demonstration of the role of GLP in neogenesis 
was not until the December 1999 publication from Dr. Habener's laboratory. In view of the 
unexpected nature of the claimed subject matter of the instant application, it is my opinion that 
the claimed subject matter is clearly not obvious in view of the Peck et al. application. 

11. In conclusion, it is my opinion that in view of the above, the cells described in the Peck 
publication are not obviously nestin-positive or GLP-1R positive human pancreatic stem cells. 

12. I have received a consulting fee in relationship to the above-referenced patent application. 
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1 hereby declare that all statements made herein of our own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 





Date 



Gordon C. Weir 
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HUMAN PANCREATIC EPITHELIAL 
PROCENITOR CELLS AND METHODS OF 
ISOLATION AND USE THEREOF 

TECHNICAL FIELD 5 

This invention is in the field of developmental biology 
and cell biology. Specifically, this invention relates to a 
population of pancreatic epithelial progenitor cells that are 
capable of differentiating into functional endocrine and 
exocrine cells, methods of isolating the pancreatic epithelial 
progenitor cells, characterization of pancreatic epithelial 
progenitor cells, and uses of the pancreatic epithelial pro- 
genitor cells. 

BACKGROUND ART 15 

Stem cell and progenitor cell isolation and characteriza- 
tion are the subjects of intense research because of the great 
potential of such cells. The totipotent stem cells, which have 
the capacity to become any type of cell in a human body, 20 
give rise to progenitor cells more differentiated than the 
totipotent cell. One of these types of progenitor cells is the 
predetermined pancreatic epithelial progenitor cell. The pan- 
creatic epithelial progenitor cells have the ability to become 
different types of pancreatic epithelial cells. TTie different 25 
types of pancreatic epithelial cells include acinar cells, islet 
cells, and ductal cells. Acinar cells are generally found near 
the head of the pancreas and contain zymogen granules 
which are readily visible by electron microscopy. Acinar 
cells perform exocrine functions by discharging alkaline 30 
digestive juices into the small intestine. Approximately 1500 
mL of pancreatic juices are secreted per day and include 
enzymes needed to break up lipids and proteins. Ganong, 
William F. Review of Medical Physiology, Chapter 26 
"Regulation of Gastrointestinal Function", Fifteenth 35 
Edition, Appleton and Lange (1991). There are four types of 
islet cells, also known as islets of Langerhans, islet -a, 
islet- p, islct-S, and islct-PP. Islct-a cells secrete glucagon 
which promotes gluconeogenesis, i.e. breakdown of energy 
reserves to generate more circulating glucose. Islet- p cells 40 
secrete insulin which promotes storage of circulating glu- 
cose into accessible energy resources. In type I diabetes 
mellitus, otherwise known as juvenile diabetes, it is thought 
that autoimmune attacks on islet-p cells cause defective 
islet-p cell function, thereby causing a lack of insulin to 45 
reduce the levels of circulating glucose. Islet-6 cells secrete 
somatostatin which regulates the secretion of glucagon and 
insulin. The fourth islet cell type islet-PP (pancreatic 
polypeptide) does not yet have a known function within the 
pancreas. Another type of sub-pancreatic cell is the ductal 50 
cell. These cells line the ducts that connect different parts of 
the pancreas. 

Isolation of pancreatic epithelial progenitor cells, as with 
other types of progenitor cells, is difficult because of the 
ephemeral nature of progenitor cells. Manipulation of pro- 55 
gen i tor cells required for isolation may disturb the fragile 
progenitor status of these cells and may cause them to 
differentiate. Contact with growth factors or substrates may 
also induce a pancreatic progenitor cell to begin differenti- 
ating into exocrine or endocrine cells. Research in the area 60 
of pancreatic cells has resulted in the establishment of 
several pancreatic epithelial cell lines derived from rats. 
Stephan, J. et, al. Endocrinology 140:5841-5854, (1999). 
Other research includes the isolation of human adult pan- 
creatic cells and the induction of these pancreatic cells to 65 
proliferate into islet-p-like structures with hepatocyte 
growth factor/scatter factor (HGF/SF). Jeffrey et. al. U.S. 
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Pat. No. 5,888,705. Other research work involves inducing 
growth of islet cells from adult pancreatic cells by culturing 
first in serum-containing, low-glucose medium and then 
switching to medium with higher serum and glucose con- 
tent. WO 9715310. Still other research in the area of 
pancreatic progenitor cells includes isolating progenitor 
cells from pre-diabetic adults and culturing in a serum- 
containing, pre-defined media that promotes the growth of 
functional islet cells. U.S. Pat. No. 5,834,308. However, all 
of these "progenitor" cells give rise only to islet cells. 
Pancreatic cells of the aforementioned research do not have 
the capacity to differentiate into both endocrine and exocrine 
cell types. It seems likely that the pancreatic cells of the 
aforementioned research are further committed down the 
differentiation pathway of pancreatic progenitor cells and 
therefore are different types of pancreatic cells than the 
human pancreatic progenitor cells of this invention. 
Furthermore, culturing conditions used in the aforemen- 
tioned research wherein serum is used to supplement media 
may have adverse consequences. Serum, the fluid portion of 
blood after blood has been allowed to clot, contains many 
biomolecules such as albumin and a, P, -globulins. In vivo, 
cells arc not normally exposed to an equivalent of serum 
unless tissue injury was involved. Therefore, culturing pan- 
creatic cells in serum may not accurately reflect the physi- 
ological parameters within which pancreatic cells exist in 
vivo. 

The ideal population of pancreatic progenitor cells should 
be able to differentiate into exocrine (i.e. acinar) cells, 
endocrine (i.e. islet-a, islet-p, islet-6, and islet-PP) cells as 
well as ductal cells. Such a population of pancreatic pro- 
genitor cells may be useful in clinical settings, for example 
to treat certain types of diabetes or to treat functionally 
defective pancreatic cells by transplantation of pancreatic 
progenitor cells that can differentiate into functional pan- 
creatic cells. Accordingly, there is a need for a population of 
pancreatic progenitor cells and methods of isolating and 
culturing the pancreatic progenitor cells such that the dif- 
ferentiation potential of the pancreatic progenitor cells is 
retained while permitting proliferation and avoiding senes- 
cence of these cells. The pancreatic progenitor cells and 
methods of isolating and culturing these pancreatic progeni- 
tor cells disclosed herein satisfies these needs and also 
provides related advantages. 

DISCLOSURE OF THE INVENTION 

This invention is related to the field of developmental and 
cell biology. In one aspect, the invention relates to a popu- 
lation of substantially pure human pancreatic epithelial 
progenitor cells which have a pluripotent capability to 
differentiate into functional exocrine or endocrine pancreatic 
cells. 

In another aspect of this invention, the invention relates to 
methods of isolating a population of substantially pure 
human pancreatic epithelial progenitor cells which have the 
pluripotent capability to differentiate into functional exo- 
crine or endocrine pancreatic cells. 

In yet another aspect of this invention, the invention 
relates to methods of maintaining a population of substan- 
tially pure human pancreatic epithelial progenitor cells 
which have the pluripotent capability to differentiate into 
functional exocrine or endocrine pancreatic epithelial cells 
and maintaining or culturing these pancreatic progenitor 
cells such that the cells retain their pluripotent capacity 
while avoiding senescence. 

In still another aspect of this invention, the invention 
relates to methods of providing a source of immunogen and 
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the uses of a substantially pure population of pancreatic 
progenitor cells as an immunogen. 

In still another aspect of this invention, the invention 
relates to methods of generating a human pancreatic tissue 
model using a substantially pure population of pancreatic 
progenitor cells as a source of pancreatic cells and intro- 
ducing the pancreatic progenitor cells into a non-human, 
mammalian recipient. 

In another aspect of this invention, the invention relates to 
methods of providing cell therapy whereby a substantially 
pure population of human pancreatic progenitor cells are 
introduced into a recipient. 

In another aspect of this invention, the invention relates to 
methods of providing pharmaceutical drug development 
wherein a substantially pure population of human pancreatic 
progenitor cells are used as a source of pancreatic biological 
components in which one or more of these pancreatic 
biological components are the targets of the drugs that are 
being developed. 

In another aspect of this invention, the invention relates to 
methods of providing bioassay development wherein a sub- 
stantially pure population of human pancreatic progenitor 
cells are used as a source of nucleic acids or proteins and 
wherein these nucleic acids or proteins are used as one or 
more principal components in a bioassay or the development 
of a bioassay. 

BRIEF DESCRIPTION OF THE DRAWINGS 

This patent or application file contains at least one draw- 
ing executed in color. Copies of this patent or patent 
application with color drawing(s) will be provided by the 
U.S. Patent and Trademark Office upon request and payment 
of the necessary fee. 

FIG. 1 shows human pancreatic ductal epithelial cells 
grown in two different types of media. FIG. lA(left) shows 
pancreatic epithelial cells grown in CMRL 1066 medium 
with fibroneclin coating on the plate. The large, rounded 
cells are pancreatic epithelial cells. FIG. IB (right) shows 
pancreatic epithelial cells grown in F 12/DMEM medium. 
The pancreatic epithelial cells have flatten out to form a 
monolayer. 

FIG. 2 shows human pancreatic epithelial cells grown on 
collagen-coated plates after three passages. The arrows 
denote dividing cells. 

FIG. 3 shows results of staining of tissue recombinant 
grafts placed under the fat pad of an immunodeficient 
mouse. FIG. 3A shows islet formation in the tissue recom- 
binant graft at a magnification of 20x. FIG. 3B shows islet 
formation in the tissue recombinant graft at a magnification 
of 60x. FIG, 3C shows formation of islet, duct, and acinar 
tissue within the tissue recombinant graft. FIG. 3D shows 
ductal formation in the tissue recombinant graft. FIG. 3E 
shows formation of clusters (or aggregates) of acinar cells in 
the tissue recombinant graft. 

FIG. 4 shows the results of staining for glucagon (blue) 
and insulin (brown) in the tissue recombinant graft which 
was placed under the kidney capsule of an immunodeficient 
mouse. 

FIG. 5 shows the results of staining for insulin (brown) in 
the tissue recombinant graft which was placed under the 
kidney capsule of an immunodeficient mouse. 

FIG. 6 shows ductal formation in the tissue recombinant 
which was placed under the fat pad of an immunodeficient 
mouse. 

FIG. 7 shows the results of staining for glucagon (blue) 
and insulin (brown) in paraffin-embedded tissue section 
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from a tissue graft which was placed under the kidney 
capsule of an immunodeficient mouse. 

FIG. 8 is a schematic depiction of the development of a 
pancreatic cells from a totipotent stem cell. The dotted line 
5 indicates the stage of differentiation at which the human 
pancreatic progenitor cell of this invention resides. 

MODES FOR CARRYING OUT THE 
INVENTION 

10 The following detailed description of the invention is 
provided to aid those skilled in the art in practicing the 
present invention. This detailed description should not be 
construed to limit the present invention, as modifications of 
the embodiments disclosed herein may be made by those of 

15 ordinary skill in the art without departing from the spirit and 
scope of the present invention. Throughout this disclosure, 
various publications, patents, and published patent specifi- 
cations are referenced by citation. The disclosure of these 
publications, patents, and published patents are hereby 

20 incorporated by reference in their entirety into the present 
disclosure. 

The practice of the present invention will employ, unless 
otherwise indicated, conventional techniques of 
immunology, molecular biology, microbiology, cell biology 

25 and recombinant DNA, which are within the skill of the art. 
See, e.g., Sambrook, et al. MOLECULAR CLONING: A 
LABORATORY MANUAL, 2 nd edition (1989); CURRENT 
PROTOCOLS IN MOLECULAR BIOLOGY (F. M. 
Ausubel, et al. eds., (1987)); the series METHODS IN 

30 ENZYMOLOGY (Academic Press, Inc.): PCR 2: A PRAC- 
TICAL APPROACH (M. J. MacPherson, B. D. Hames and 
G. R. Taylor eds. (1995)), Harlow and Lane, eds. (1988) 
ANTIBODIES, A LABORATORY MANUAL, and ANI- 
MAL CELL CULTURE (R. I. Freshney, ed. (1987)). 

35 Definitions 

As used in the specification and claims, the singular form 
"a", "an" and "the" include plural references unless the 
context clearly dictates otherwise. For example, the term "a 
cell" includes a plurality of cells, including mixtures thereof. 

40 As used in the specification and claims, the terms "pan- 
creatic epithelial progenitor cells" and "pancreatic progeni- 
tor cells" are interchangeable and refer to "pancreatic epi- 
thelial progenitor cells" and "pancreatic progenitor cells" of 
human origin. 

45 "Pancreatic epithelial progenitor cells" and "pancreatic 
progenitor cells" refer to dividing progenitor cells found in 
the pancreas that have not yet committed to an essentially 
non-dividing stage of end differentiation. "Pancreatic epi- 
thelial progenitor cells" and "pancreatic progenitor cells" are 

50 derived ultimately from totipotent cells that give rise to 
pluripotent, tissue-specific cells. These pluripotent, tissue- 
specific, dividing progenitor cells can give rise to cells of the 
endoderm, ectoderm, or mesoderm. Of the endodermal 
multipotent cells, some differentiate into gut-specific, divid- 

55 ing progenitor cells. Of the gut-specific progenitor cells, 
some are pre-determined to become pancreatic cells. It is at 
this stage of development that the population of cells 
claimed herein resides. More specifically, the population of 
"pancreatic epithelial progenitor cells" and "pancreatic pro- 

60 genitor cells" disclosed herein is between the stage at which 
a gut-specific progenitor cell is pre-determined to become a 
pancreas (or part of a pancreas) and the stage at which a 
pancreas-specific progenitor cell is committed to becoming 
a sub-pancreatic type of cell. Pancreas-specific progenitor 

65 cells can differentiate into several types of cells: acinar, 
ductal, and islet-a, islet-p, islet-5, and islet-PP. One exocrine 
function of the acinar cells is the secretion of digestive juices 
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into the intestine. One endocrine function of the islet cells is lipid bilayer and they are bound to the membrane surface by 

the secretion of glucagon (islet-a) and insulin (islet-p). The noncovalent interaction with other membrane proteins. GPI- 

pancreatic progenitor cells of this invention have not differ- linked proteins are proteins which are held on the cell 

entiated into any of the aforementioned types of sub- surface by a lipid tail which is inserted into the lipid bilayer. 

pancreatic cells but have the capacity to become any of these 5 The term "monoclonal antibody" as used herein refers to 

cells. an antibody composition having a substantially homoge- 

"Sub-pancreatic" refers to cellular infrastructure within neous antibody population. It is not intended to be limited as 

the pancreas as a whole organ. Examples of sub -pancreatic regards to the source of the antibody or the manner in which 

cells include, but are not limited to, acinar, ductal, and islet it is made (e.g. by hybridoma or recombinant synthesis), 

cells. 10 Monoclonal antibodies are highly specific, being directed 

"Totipotent cell" and "totipotent stem cell" are used against a single antigenic site. In contrast to conventional 

interchangeably throughout and refer to a stem cell that has (polyclonal) antibody preparations which typically include 

the capacity to become any type of cell in a mammalian different antibodies directed against different determinants 

body. (epitopes), each monoclonal antibody is directed against a 

"Pluripotent" and "multipotent" are used interchangeably 15 single determinant on the antigen, 

throughout and refer to a stage where a cell can still become "A population of monoclonal antibodies" refers to a 

one of a plurality of cells but can no longer become any type plurality of heterogeneous monoclonal antibodies, i.e., indi- 

of cell in the body. "Pluripotent" cells are not referred to as vidual monoclonal antibodies comprising the population 

"stem cells" but rather "progenitor cells" because they are may recognize antigenic determinants distinct from each 

progenitors to one or more type of a plurality of cells. 20 other. 

As used herein, "pre-determined pancreatic" refers to a "Immunogen" refers to any substance that induces an 

stage of development of a multipotent cell that is beyond the immune response. A substance that is an immunogen is 

stage of being gut-specific and before the stage of terminally described as being "immunogenic". Induction of immune 

differentiated pancreatic cells (such as acinar, islet, or ductal response includes but is not limited to activation of humoral 

cells). Cells which are "pre-determined pancreatic" are 25 responses (e.g. producing antibodies) or cellular responses 

committed to becoming pancreatic cells but have not begun (e.g. priming cytotoxic T cells), inflammatory responses 

to develop into terminally differentiated pancreatic cells yet. (e.g. recruitment of leukocytes), and secretion of cytokines 

Different factors cause pre-determined pancreatic cells to and lymphokines. 

begin differentiating. Non-limiting examples include expo- The term "heterologous" as applied to a cell used for 

sure to serum, exposure to insulin growth factor (IGF) or 30 immunization or transplantation means that the cell is 

epidermal growth factor (EGF), contact with surrounding derived from a genotypically distinct entity from the recipi- 

tissuc, microenvironment of the cells, and cell-cell contact ent. For example, a heterologous cell may be derived from 

with surrounding tissue. The chain of development begins a different species or a different individual from the same 

with a totipotent stem cell which can become any cell in the species as the recipient. An embryonic cell derived from an 

body. The totipotent stem cell is a true stem cell because of 35 individual of one species is heterologous to an adult of the 

its cellular omnipotency. At any stage beyond the totipotent same species. 

stem cell, cells become a "pre-determined progenitor" A cell is of "ectodermal", "endodermal" or "mesodomal" 

because they have been committed down a pathway that no origin, if the cell is derived, respectively, from one of the 

longer enables the cell to become any kind of cell in the three germ layers — ectoderm, the endoderm, or the meso- 

body. 40 derm of an embryo. The ectoderm is the outer layer that 

An "antibody" is an immunoglobulin molecule capable of produces the cells of the epidermis, and the nervous system, 

binding an antigen. As used herein, the term encompasses The endoderm is the inner layer that produces the lining of 

not only intact immunoglobulin molecules, but also anti- the digestive tube and its associated organs, including but 

idiotypic antibodies, mutants, fragments, fusion proteins, not limited to pancreas and liver. The middle layer, 

humanized proteins and modifications of the immunoglo- 45 mesoderm, gives rise to several organs (including but not 

bulin molecule that comprise an antigen recognition site of limited to heart, kidney, and gonads), connective tissues 

the required specificity. (e.g., bone, muscles, tendons), and the blood cells. 

The term "antigen" is a molecule which can include one The terms "medium", "cell culture medium", and "culture 

or more epitopes to which an antibody may bind. An antigen medium" are used interchangeably. The terms refer to the 

is a substance which can have immunogenic properties, i.e., 50 aqueous microenvironment in which the mammalian cells 

induce an immune response. Antigens are considered to be are grown in culture. The medium comprises the 

a type of immunogen. As used herein, the term "antigen" is physicochemical, nutritional, and hormonal microenviron- 

inlended to mean fill length proteins as well as peptide ment. 

fragments thereof containing or comprising one or a plural- A cell culture medium is "essentially serum-free" when 

ity of epitopes. 55 the percentage by volume of serum in the medium does not 

The terms "surface antigens" and "cell surface antigen" mask antigenic sites or antibody binding sites on cell sur- 

arc used interchangeably herein and refer to the plasma faces. The term "essentially serum-free" generally applies 

membrane components of a cell. These component include, when the cell culture medium comprises less than about 

but are not limited to, integral and peripheral membrane 50% serum (by volume), preferably less than about 25% 

proteins, glycoproteins, polysaccharides, lipids, and glyco- 60 serum, even more preferably less than about 5% serum, and 

sylphosphatidylinositol (GPI)-linked proteins. An "integral most preferably less than about 0.1% serum, 

membrane protein" is a transmembrane protein that extends A cell surface is "substantially free of serum biomol- 

across the lipid bilayer of the plasma membrane of a cell. A ecules" when at least about 75% of the pancreatic progenitor 

typical integral membrane protein consists of at least one cell surfaces, more preferably at least about 90% of the 

membrane spanning segment that generally comprises 65 pancreatic progenitor cell surfaces, even more preferably at 

hydrophobic amino acid residues. Peripheral membrane least about 95% of the pancreatic progenitor cell surfaces, 

proteins do not extend into the hydrophobic interior of the and most preferably at least about 99% of the pancreatic 
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progenitor cell surfaces do not have serum biomolecules the mitogenic agent or growth factor enhances survival and 
derived from serum binding to the cell surface such that proliferation of mammalian cells in cell culture and is a 
antigenic sites or antibody binding sites are bound or are polypeptide. The mitogenic polypeptide can be a "native" or 
unavailable for antigenic recognition by an antibody or a "native sequence" polypeptide (i.e. having the amino acid 
portion of an antibody. Cell surface can determined by 5 sequence of a naturally occurring growth factor) regardless 
measuring the cell size, either by microscopy Or flow cy torn- of the method by which it is produced (e.g. it can be isolated 
etry. For example, synthetic beads of various known sizes ' from an endogenous source of the molecule or produced by 
are commonly used for calibration in flow cytometry. A synthetic techniques including recombinant techniques), or 
small quantity of calibrated bead may be mixed with pan- a variant or mutant thereof (see definition below). Non- 
creatic progenitor cells and the resultant population is ana- 10 limiting examples include activators of one or more mem- 
lyzed by flow cytometry. Pancreatic progenitor cell can then bers of the erbB receptor family; agents which elevate 
be compared with the size of the calibrated beads. Calcula- cAMP levels in the culture medium (e.g. forskolin, cholera 
tions of cell surface amount can be accomplished since the toxin, cAMP or analogues thereof); adhesion molecules such 
sizes of the beads are known. as neural cell adhesion molecule (N-CAM), laminin or 

As used herein, a "substantially pure" population of is fibronectin; progesterone; neurotrophic factors such as 
pancreatic progenitor cells is a population of cells that is bone-derived neurotrophic factor (BDKF) and ciliary neu- 
comprised at least about 85% pancreatic progenitor cells, ronotrophic factor (CNTF); neurotrophin-3, -4, -5, or -6; 
preferably at least about 90%, and even more preferably platelet-derived growth factor (PDGF); fibroblast growth 
about 95% or more. factor such as acidic FGF (aFGF) and basic FGF (bFGF); 

A "defined medium" and "basal cell-sustaining medium" 20 vascular- endothelial growth factor (VEGF); transforming 
are used interchangeably herein and refer to a medium growth factor (TGF) such as TGF-a and TGF-p; insulin-like 
comprising nutritional and hormonal requirements neces- growth factors, including IGF-I and IGF-D; hormones such 
sary for the survival and/or growth of the cells in culture as estrogen, testosterone, thyroid hormone, insulin and any 
such that the components of the medium are known. of those mitogens listed in Table 8.2 at pages 138-139 of 
Traditionally, the defined medium has been formulated by 25 Mather, J. P. and Roberts, P. E. (1998) "Introduction to Cell 
the addition of nutritional and growth factors necessary for and Tissue Culture", Plenum Press, New York, 
growth and/or survival. Typically, the defined medium pro- "Pancreatic progenitor cell aggregates", "pancreatic pro- 
vides at least one component from one or more of the genitor cell spheres", and "pancreatic cell clusters" are used 
following categories: a) all essential amino acids, and usu- interchangeably throughout and refers to a mass of a plu- 
ally the basic set of twenty amino acids plus cystine; b) an 30 rality of pancreatic progenitor cells which can form 
energy source, usually in the form of a carbohydrate such as three-dimensional structure resembling roughly a sphere, 
glucose; c) vitamins and/or other organic compounds A "grafting recombinant", as used herein, refers to the 

required at low concentrations; d) free fatty acids; and e) combined unit of pancreatic progenitor cell aggregates 
*■ trace elements; where trace elements are defined* as inor- * placed with mesenchymal tissue. Mesenchymal tissue can 
ganic compounds or naturally occurring elements that are 35 be of pancreatic or non-pancreatic origin. Mesenchymal 
typically required at very low concentrations, usually in the tissue can be from a species heterologous to the graft 
microraolar range. The defined medium may also optionally recipient. Mesenchymal tissue can also be from a species 
be supplemented with one or more components from any of heterologous to the source of pancreatic progenitor cells, 
the following categories: a) one or more mitogenic agents; Grafting recombinants can be incubated on substrate, pref- 
b) salts and buffers as, for example, calcium, magnesium, 40 erably a soft, biological substrate (e.g. agar) for a period 
and phosphate; c) nucleosides and bases such as, for ranging from 1 hour to 72 hours, more preferably between 
example, adenosine and thymidine, hypoxanthine; and d) 6 hours to 24 hours, and even more preferably, overnight 
protein and tissue hydrolysates. with an incubation period of about 8 to 16 hours. Olumi A. 

As used herein, "conditioned media" refers to culture F., et. al. Cancer Research 59, 5002-5011, (1999). 
media, free of intact cells, in which pancreatic epithelial 45 "Serum", as used herein, refers to the fluid phase of 
progenitor cells have been grown. Pancreatic cells grown in mammalian blood that remains after blood is allowed to clot, 
nutrient media may release factors which promote the con- "Serum biomolecules", as used herein^ refers to biological 
tinued survival, growth, and maintenance of pre-existing compositions found in serum. Examples include, but are not 
state ofpre-differentiation of the pancreatic progenitor cells. limited to, albumin, al -globulin, a2-globulin, P-globulin, 
Conditioned media may be used to reconstitute a cell pellet 50 and o-globulin. Serum biomolecules can include biological 
or added to cells already existing in culture plates. Condi- compositions, whole or partial, that are either naturally 
tioned media may also be used alone or to supplement found in serum or derived from processing and handling of 
nutrient media being used to feed pancreatic cells. Since serum. 

conditioned media derived from nutrient media and nutrient The terms "mammals" or "mammalian" refer to warm 

media, as described herein, is essential serum-free, condi- 55 blooded vertebrates which include but are not limited to 
tioned media is also essentially serum-free. humans, mice, rats, rabbits, simians, sport animals, and pets. 

"Standard incubation conditions" refers to the physico- Isolation and Maintenance of Pancreatic Progenitor Cells 
chemical conditions in an incubator designed for tissue Pancreatic progenitor cells of this invention are isolated 
culture in which cells are placed. Generally, the standard from human fetal pancreatic tissue. The age of the fetus is 
incubation conditions are about 37 degrees Celsius and 60 between about week 6 and about week 40, preferably 
about 5% C0 2 content with humidification. All tissue cul- between about week 8 and about week 26, and even more 
ture techniques and equipment should be performed under preferably between about week 12 and about week 22. The 
sterile conditions. Tissue culture containers refer to any type pancreatic tissue can be identified by gross anatomy, out- 
of container that may be used for culturing cells. Non- ward appearance, and location within the fetus. Several 
limiting examples include flasks and plates. 65 features of gross anatomy and appearance distinguishing a 

A "mitogenic agent" or "growth factor" is a molecule pancreas are: an elongated lobulated retroperitoneal gland, 
which stimulates mitosis of the mammalian ceils. Generally, lack of capsule, and extension from the concavity of the' 
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duodenum of the intestine to the spleen. The pancreas (e.g. mesenchymal tissue, fatty particles, or broken cell 
consists of a flattened head or caput within the duodenal membranes). In other cases, more than one application of a 
concavity, an elongated three-sided body extending trans- density gradient will be needed. The desired product is a 
verse ly across the abdomen, and a tail in contact with the population of relatively pure pancreatic cell aggregates, 
spleen. Once identified, fetal pancreatic tissue is microdis- 5 Pancreatic cells are then resuspended in a basal cell- 
sected. The purpose of microdissection is to separate struc- sustaining media. A variety of basal cell -sustaining media is 
tures containing epithelial cells from connective tissue and available for use. Examples include, but are not limited to, 
non-pancreatic tissue such as fat, membranes, etc. or to Ham's F12 medium, RPMI-1640, and CMRL-1066. For 
separate cells from each other. Non-limiting examples of more optimal conditions to promote pancreatic progenitor 
microdissection include devices that render mechanical 10 cell survival and growth, a variety of nutrients may be added 
shearing forces (i.e. homogenizer, mortar and pestle, to supplement the basal media. Examples include, but are 
blender, etc.), devices that render cuts or tears (i.e. scalpel, not limited to, insulin, transferrin, epidermal growth factor, 
syringes, forceps, etc.), or ultrasonic devices. Alternatively, ethanolamine, phosphoethanolamine, selenium, 
another method of microdissecting fetal pancreatic tissue is triiodothyronine, progesterone, hydrocortisone, forskolin, 
the use of enzyme treatment. Various enzyme treatments 15 heregulin, aprotinin, bovine pituitary extract, and gentamy- 
used to microdissect tissue are well known in the art. One cin. In a preferred embodiment, the following amounts of 
method includes the use of collagenase-dispase to digest nutrients are used to promote pancreatic progenitor cell 
partially sheared pancreatic tissue in a buffered medium that survival and growth: at least about 1 /ig/ml insulin and not 
will sustain viability of cells isolated from the pancreatic more than about 100/ig/ml insulin, more preferably about 10 
tissue. A concentration of at least about 0.5 mg/ml 20 ^wg/ml insulin; at least about 1 ^Mg/ml transferrin and not more 
collagenase-dispase is used, more preferably at least about 1 than about 100 //g/ml transferrin, more preferably about 10 
mg/ml and even more preferably at least about 5 mg/ml. The jug/ml transferrin; at least about 1 ng/ml epidermal growth 
amount of enzyme will depend on the age of the fetus and factor and not more than about 100 ng/ml epidermal growth 
how large the pancreatic tissue is. In the preferred factor, more preferably about 5 ng/ml epidermal growth 
embodiment, pancreatic tissue from fetus between about 14 25 factor; at least about lxlO" 8 M ethanolamine and not more 
weeks and about 22 weeks is digested with about 5 mg/ml than about lxlO' 2 M ethanolamine, more preferably about 
of collagenase-dispase. A wide variety of basal cell- lxlO" 6 M ethanolamine; at least about lxlO" 9 M phospho- 
sustaining media that can be used to keep the pH of the ethanolamine and not more than about lxlO -1 M 
liquid in a range that promotes survival of pancreatic pro- phosphoethanolamine, more preferably about lxlO -6 M 
genitor cells and to provide additional volume of liquid 30 phosphoethanolamine; at least about lxlO -12 M selenium 
within which the enzymatic digestion can occur. Non- and not more than about lxlO' 1 M selenium, more prefer- 
limiting examples include F12/DMEM, Ham's F10 (Sigma), ably about lxlO -8 M selenium; at least about lxlO" 35 M 
CMRL-1066, Minimal essential medium (MEM, Sigma), triiodothyronine and not more than about lxlO" 1 M 
RPMI-1640 (Sigma), Dulbecco's Modified Eagle's Medium triiodothyronine, more preferably about lxlO" 12 M triiodot- 
(DMEM, Sigma), and Iscove's Modified Eagle's Medium 35 hyronine; at least about lxlO' 12 M progesterone and not 
(IMEM). In addition, any of the basal nutrient media more than about lxlO" 1 M progesterone, more preferably 
described in Ham and Wallace Meth. Era., 58:44 (1979), about 1x1 (T 9 M progesterone; at least about lxlO" 15 M 
Barnes and Sato Anal. Biochem., 102:255 (1980), or Mather, hydrocortisone and not more than about 1x10" 1 M 
J. P. and Roberts, P. E. "Introduction to Cell and Tissue hydrocortisone, more preferably about lxlO" 9 M hydrocor- 
Culture", Plenum Press, New York (1998) can also be used. 40 tisone; at least about 0.001 /iM forskolin and not more than 
Examples of other enzymes that could be used to digest about 50 /*M forskolin, more preferably about 1 juM forsko- 
tissue include neutral proteases, serine proteases including, lin; at least about 0.1 nM heregulin and not more than about 
but not limited to, trypsin, chymotrypsin, elastase, 100 nM heregulin, more preferably about 10 nM heregulin,; 
collagenase, and thermolysin. In another preferred at least about 1/^g/ml aprotinin and not more than about 100 
embodiment, enzymes that digest DNA, such as DNAase, 45 /ig/ml aprotinin, more preferably about 25 //g/ml aprotinin; 
are used to cut the DNA into smaller pieces in order to at least about 1 ^g/ml bovine pituitary extract and not more 
prevent tissue aggregation by free DNA. Treatment of fetal than about 500^g/ml bovine pituitary extract, more prefer- 
pancrcatic tissue with enzyme results in cell yields of ably about 75 //g/ml bovine pituitary extract; at least about 
various amounts. Some cells arc in single cell suspensions, 1 ^g/ml gentamycin and not more than about 1 mg/ml 
others are in cell aggregates. Cells not associated with solid 50 gentamycin, more preferably about 100 /ig/ml gentamycin. 
tissue matter can be separated from each other or from solid The pancreatic progenitor cells may be grown on different 
tissue matter or from debris by using a density gradient. substrates, depending on the type of physical orientation of 
Compounds that can be used to create a density gradient the cells desired. Non-limiting examples of substrates that 
include, but are not limited to, serum (i.e. bovine serum may be used include fibronectin, laminin, collagen, 
albumin or BSA), ovalbumin, nonionic synthetic polymers 55 polylysine, nitrocellulose, nylon, and polytetrafluoroethyl- 
of sucrose (i.e. Ficoll™), colloidal polyvinylpyrrolidone- ene. In one embodiment, pancreatic progenitor cells are 
coated silica (i.e. Pcrcoll™), polyvinylpyrrolidone or PVP, grown on fibronectin-coated tissue culture plates in the 
and methylcellulose. In a preferred embodiment, density preferred nutrient media described above. Pancreatic pro- 
gradients that are capable of neutralizing the enzymes used genitor cells form cell aggregates when cultured in the 
to digest pancreatic tissues are used. One example of such a 60 preferred nutrient media in fibronectin-coated plates, 
density gradient is BSA. The amount of BSA used is about Further, this culturing combination allows for separation of 
50% volume-to- volume ratio, more preferably about 25%, undesired mesenchymal cells and pancreatic progenitor 
more preferably about 10%, and even more preferably about aggregates. In a preferred embodiment, purification of pan- 
5%. The amount of debris that needs to be removed depends creatic cell aggregates is readily accomplished by culturing 
on several factors, such as the extent of digestion or 65 the pancreatic progenitor cells in preferred media using 
mechanical shear forces applied to the pancreatic tissue. In CMRL 1066 as a basal media in a fibronectin plate. Pan- 
some cases, one density gradient is enough to remove debris creatic progenitor cells form large, round clusters of cells 
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that are non-adherent while other cell types (i.e. mesenchy- become either exocrine or endocrine cells. Endocrine and 

mal cells) adhere to the fibronectin coating. The clusters of exocrine cells, as used herein, are defined by their secretions, 

pancreatic progenitor cells may then be collected and trans- Endocrine cells, such as a-islet cells and p -islet cells secrete 

ferred to another tissue culture container for subculturing glucagon and insulin, respectively. Exocrine cells, such as 

and proliferation. When proliferation of more pancreatic 5 acinar cells, secrete a variety of pancreatic digestive juices 

progenitor cell clusters is desired, the tissue culture con- such as trypsinogen, a-amylase, and lipases, 

tainer is coated with fibronectin and the pancreatic progeni- Identification of pancreatic progenitor cells may be 

tor cells arc cultured in the preferred media disclosed herein accomplished by morphology or specific markers or a com- 

using CMRL 1066 as a basal media. In another embodiment, bination of both techniques. As disclosed herein, pancreatic 

pancreatic progenitor cells are grown in the preferred nutri- 10 progenitor cells can be rounded and cyst-like in appearance 

ent media using F12/DMEM as a basal media in collagen- or elongated in a monolayer formation depending on the 

coated tissue culture containers. Pancreatic progenitor cells culture conditions in which the pancreatic progenitor cells 

form monolayers in this embodiment. are grown. Identification of differentiated pancreatic pro- 

The frequency of feeding pancreatic progenitor cells may genitor cells may also be accomplished by morphology, 

be once a day or every other day. In one embodiment, is Morphology of islet cells is an ovoid shape, about 75 film to 

pancreatic progenitor cells may be fed by replacing the 175 /«n in size (long axis). Islet cells tend to be located more 

entirety of the old nutrient media with new nutrient media. towards the tail end of a pancreas (away from the duodenal 

In another embodiment, pancreatic progenitor cells may be cavity). Markers that can be used to detect islet cells include 

fed with conditioned media in which these cells were grown. but are not limited to glucagon for islet-a cells, insulin for 

Subculturing pancreatic progenitor cells to obtain a greater 20 isiet-fJ cells, somatostatin for islet-6 cells, and pancreatic 

number of cells is accomplished by taking pancreatic pro- polypeptide for islet-PP cells. Markers that can be used to 

genitor cells in cluster form (grown on fibronectin) or in detect ductal cells include, but are not limited to, cytoker- 

monolayer form (grown on collagen) and dividing the atins (CK) 7, CK 8, CK 18, CK 19, mucin MUC1, carbonic 

plurality of cells into multiple tissue culture containers. anhydrase II, and carbohydrate antigen 19.9 (sialyl-Lewis- 

Nutrient media is then added to each of the tissue culture 25 a). Morphology of ductal cells is small, round, approxi- 

containers to achieve a lower concentration of pancreatic mately 10 //m across the cell, appears to be a tightly packed, 

progenitor cells than in the original tissue culture container. cuboidal epithelium. Morphology of acinar cells include a 

The nutrient media that is added is dependent on the type of larger size than ductal cells, shape, and zymogen granules 

pancreatic progenitor cell arrangement desired. When present within acinar cells. Markers that can be used to 

monolayer arrangement is desired, then F12/DMEM is used 30 identify acinar cells include but are not limited to carbox- 

a basal media in the preferred nutrient media disclosed ypeptidase A and amylase. 

herein coupled with collagen coating in the tissue culture Ki67 or PCNA are markers that can be used to determine 

containers. When pancreatic cell clusters are desired, CMRL prolife ration of pancreatic progenitor cells. Pre-determined 

1066 is used a basal media in the preferred nutrient media pancreatic progenitor cells are still capable of dividing 

disclosed herein coupled with fibronectin coating in the 35 whereas terminally differentiated exocrine or endocrine cells 

tissue culture containers. Because the claimed pancreatic are essentially non-dividing. Staining with Ki67 or PCNA 

progenitor cells are unique to this invention and will secrete can determine proliferative state of a pancreatic cell under 

factors specific to these cells, the conditioned media derived analysis. 

from the pancreatic progenitor cells are also unique. In this Pancreatic progenitor cells of this invention are main- 
invention, pancreatic progenitor cells form aggregates when 40 tained at their pre-existing pre-differentiation state in serum- 
grown in the preferred nutrient media, defined above, in free media. Basal cell-sustaining media or the preferred 
fibronectin tissue culture plates. When the substrate is nutrient media disclosed herein or conditioned media may 
collagen-coated tissue culture plates, pancreatic progenitor be used to culture the pancreatic progenitor cells in vitro, 
cells form an attached stromal monolayer. Addition of Different types of substrate on tissue culture plates can be 
conditioned media promotes greater vitality in the pancreatic 45 used to obtain either aggregates or monolayers of pancreatic 
progenitor cells. A preferred amount of conditioned media is progenitor cells. The use of fibronectin in conjunction with 
at least about 1% to at least about 25% of total media the preferred nutrient media disclosed herein results in 
volume. An even more preferred amount of conditioned aggregates of pancreatic progenitor cells whereas the use of 
media is about 15% of total media volume. A frequency of collagen on tissue culture plates results in monolayers of 
feeding that is preferable for promoting the survival and 50 pancreatic progenitor cells. 

growth of pancreatic progenitor cells is once a week, even Pancreatic progenitor cells of this invention have the 
more preferable is twice a week, and most preferably every capacity to be passaged multiple times in the preferred 
other day. ITie pancreatic progenitor cells of this invention serum-free nutrient media disclosed herein. Multipotency is 
can be passaged multiple times while retaining dividing retained during each passage and at any point after each 
capability and without inducing differentiation of these 55 passage, pancreatic progenitor cells of this invention can 
pancreatic progenitor cells into terminally differentiated differentiate into functional exocrine or endocrine cells. In 
acinar, islet, or ductal cells. addition, at any point after each passage, pancreatic pro- 
Characterization of Pancreatic Progenitor Cells genitor cells may be used as an immunogen, for cell therapy, 
The population of pancreatic progenitor cells of this for bioassays, to establish a human pancreatic model, or for 
invention isolated in the manner disclosed herein have 60 drug discovery and/or development as disclosed herein, 
several defining characteristics. First, the pancreatic pro- Another characteristic of the pancreatic progenitor cells of 
genitor cells are at a stage that can be described as "pre- this invention is the capacity to differentiate into exocrine or 
determined pancreatic". Of the gut-specific progenitor cells, endocrine cells upon transplantation under kidney capsule of 
some are pre-determined to become pancreatic cells. It is at a recipient mammal. Prior to transplantation, pancreatic 
this stage of development that the population of pancreatic 65 progenitor cells do not make digestive enzymes, such as 
progenitor cells claimed herein resides (FIG. 8). The pan- amylase or lipase, and will not stain positive for digestive 
creatic progenitor cells of this invention have the capacity to enzymes. As disclosed herein, pancreatic progenitor cells 
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can be grown either in pancreatic progenitor cell aggregates USA, may be used in the hybridization. The technique 

or in monolayers and then combined with mesenchymal involves fusing the myeloma cells and lymphoid cells using 

tissue and placed under a kidney capsule of a recipient a fusogen such as polyethylene glycol, or by electrical 

mammal, Preferably, human pancreatic progenitor cell means well known to those skilled in the art. After the 

aggregates are combined with rat seminal vesicle mesen- 5 fusion, the cells are separated from the fusion medium and 

chymal tissue and placed under the kidney capsule of a grown in a selective growth medium, such as HAT medium, 

recipient mammal. A portion of the transplant may be to eliminate unhybridized parent cells. Any of the media 

removed for analysis using the markers, morphology, or a described herein can be used for culturing hybridomas that 

combination thereof to identify the pancreatic cells. secrete monoclonal antibodies. As another alternative to the 

Antibodies, either monoclonal or polyclonal, which can 10 cell fusion technique, EBV immortalized B cells are used to 

be used to identify this population of pancreatic progenitor produce the monoclonal antibodies of the subject invention, 

cells include, but are not limited to, anti-cytokeratin 19, The hybridomas are expanded and subcloned, if desired, and 

anti-carcinoembryonic antigen (CEA), anti-carbonic anhy- supernatants are assayed for anti-immunogen activity by 

drase II, anti-cystic fibrosis transmembrane conductance conventional immunoassay procedures (e.g., 

regulator (CFTR). 15 radioimmunoassay, enzyme immunoassay, or fluorescence 

Uses of Pancreatic Progenitor Cells immunoassay). 

Uses as an Immunogen Hybridomas that produce such antibodies may be grown 

A use for pancreatic progenitor cells is as an immunogen. in vitro or in vivo using known procedures. The monoclonal 

As disclosed in this invention, the unique serum-free cul- antibodies may be isolated from the culture media or body 

turing conditions allow the cell surfaces of the pancreatic 20 fluids, by conventional immunoglobulin purification proce- 

progenitor cells to remain free of serum proteins or serum dures such as ammonium sulfate precipitation, gel 

biomolecules that may bind to the surface. A potential electrophoresis, dialysis, chromatography, and 

problem of antigenic sites that may be "masked" with ultrafiltration, if desired. Undesired activity if present, can 

binding by serum biomolecules is avoided by using the be removed, for example, by running the preparation over 

disclosed serum-free isolation and culturing techniques. 25 adsorbents made of the immunogen attached to a solid phase 

Accordingly, a panel of antibodies may be generated to and eluting or releasing the desired antibodies off the immu- 

newly available antigens that were "masked" when using nogen. 

culture conditions containing serum. In this manner, a panel of novel antibodies to cell surface 
Pancreatic progenitor cells isolated and cultured with the antigen specific to a stage of pancreatic progenitor cells can 
methods disclosed herein can be used as an immunogen that 30 be generated using the pancreatic progenitor cells of this 
is administered to a heterologous recipient. Administration invention. Once monoclonal antibodies to cell surface anti- 
of pancreatic progenitor cells as an immunogen can be gens on pancreatic progenitor cells are made by the method 
accomplished by several methods. Methods of administrat- disclosed herein, the antibodies can be used to for several 
ing pancreatic progenitor cells as immunogens to a heter- uses. The antibodies may be sequenced and cloned for 
ologous recipient include but are not limited to: 35 purposes of generating recombinant antibodies or human- 
immunization, administration to a membrane by direct con- ized antibodies. Other uses of pancreatic progenitor cell- 
tact such as swabbing or scratch apparatus, administration to specific antibodies include but are not limited to biological 
mucous membrane by aerosol, and oral administration. As is testing or purification (i.e. isolating pancreatic progenitor 
well-known in the art, immunization can be either passive or cells by methods such as flow cytometry and panning), 
active immunization. Methods of immunization can occur 40 therapeutic uses (i.e. promoting or arresting cell growth by 
via different routes which include but are not limited to binding of antibody to target cell or promoting or arresting 
intraperitoneal injection, intradermal injection, local injec- growth of a cell mass by binding of antibody to target cell), 
tion. Subjects of immunization may include mammals such clinical diagnosis, and biological markers (i.e. identification 
as mice. The route and schedule of immunization are gen- of other pancreatic or non-pancreatic cells), 
erally in keeping with established and conventional tech- 45 Another use as an immunogen is to modulate overall 
niques for antibody stimulation and production. While mice immune response in a heterologous recipient. As is well- 
are employed in this embodiment, any mammalian subject documented in the art, foreign substances such as cells or 
including humans or antibody producing cells therefrom can organs introduced into a heterologous recipient may induce 
be manipulated according to the processes of this invention a variety of immune responses. The immune responses can 
to serve as the basis for production of mammaban hybri- 50 be in the form of rejection (e.g. in organ transplantation), T 
doma cell lines. Typically, mice are inoculated intraperito- cell activation (e.g. cross-priming), anergy, or tolerance. The 
neally or in alternate regions (i.e. footpad, tail base, etc.) overall immune response can be systemic or localized. In the 
with an immunogenic amount of the pancreatic progenitor case where a localized immune response is desired, for 
cells and then boosted with similar amounts of the immu- example in the gut region, an immunogen such as pancreatic 
nogen. In an alternative, cells grown on non-biological 55 progenitor cells is introduced into the gut region in an 
membrane matrix, are surgically implanted intraperito neally effective amount. Effective amount can be determined in a 
into the host mammal. Lymphoid cells, preferably spleen stepwise fashion in which increasing amounts of pancreatic 
lymphoid cells from the mice, are collected a few days after progenitor cells are introduced into a heterologous recipient 
the final boost and a cell suspension is prepared therefrom and the subsequent immune response is monitored. Overall 
for use in the fusion. 60 immune response (e.g. antibody production, cytokine 
Hybridomas are prepared from the lymphocytes and production, T cell proliferation, anergy, tolerance, etc.) may 
immortalized myeloma cells using the general somatic cell be monitored by a number of methods including but not 
hybridization technique of Kohler, B. and Milstein, C. limited to ELISA, proliferation assays, flow cytometry with 
Nature 256:495-497 (1975) as modified by Buck, D. W., et cell surface markers, and immunohistochemistry. 
al., In Vitro, 18:377-381 (1982). Available myeloma lines, 65 Use of Pancreatic Progenitor Cells for Drug Discovery 
including but not limited to X63-Ag8.653 and those from the Another use of pancreatic progenitor cells is related to 
Salk Institute, Cell Distribution Center, San Diego, Calif., drug discovery. Since the pre-differentiated multipotent pan- 
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creatic progenitor cell population has not been isolated and progenitor cells are isolated. In a working example, human 

cultured in the disclosed manner, the pancreatic progenitor pancreatic progenitor cells are placed on top of rat mesen- 

cell population may secrete proteins that have not been chymal seminal vesicle tissue to form a graft recombinant, 

heretofore discovered or characterized. Previous culturing A skilled artisan may determine the optimal combination in 

techniques using serum may inhibit the secretion of proteias. 5 a stepwise fashion, by first isolating human pancreatic 

Alternatively, proteins may change in function, progenitor cells using the methods disclosed herein and then 

conformation, or activity as they are being secreted and combining with mesenchymal tissue from different organs, 

interacting with scrum biomolecules. Proteins secreted by In some embodiments, a different species, e.g. rat, is used as 

pancreatic progenitor cells have minimal interference from a source for mesenchymal tissue in combination with human 

serum biomolecules and thus, may be more physiologically 10 pancreatic progenitor cells. The use of heterologous species 

and topologically accurate. Therefore, proteins secreted by allows human-specific markers to be used to determine the 

pancreatic progenitor cells may be used as targets for drug identity of differentiated pancreatic cells. The likelihood of 

development. In one embodiment, drugs can be made to false positives is reduced if rat mesenchymal tissue is used, 

target specific proteins on pancreatic progenitor cells in Likewise, the use of seminal vesicle mesenchymal tissue 

vivo. Binding of the drug may promote differentiation of the as over pancreatic mesenchymal tissue reduces the likelihood 

pancreatic progenitor cells into specific sub-pancreatic cells, of false positives in identifying differentiated pancreatic 

such as islet cells. This approach may be useful when islet cells. In a preferred embodiment, about 1 to 12 pancreatic 

cell neogenesis is desired, for example in treatment for progenitor cell spheres, even more preferably about 5 to 8 

diabetes. In another embodiment, drug specific for regula- pancreatic progenitor cell spheres, are placed on top of rat 

tory proteins of pancreatic progenitor cells may be used to 20 seminal vesicle mesenchymal tissue. Preferably, about 

arrest growth of a particular type of cell, for example in lxlO 4 to about 5xl0 6 mesenchymal cells are used. Even 

cases of cystic fibrosis wherein acinar cells are being more preferably, about 2x10 s to about 5x10 s mesenchymal 

replaced by ductal cells. In another embodiment, a drug may cells are used. A graft recombinant comprising pancreatic 

be an inhibitor of the growth of stem cells or cancer cells progenitor cell spheres placed on mesenchymal tissue is then 

which express fetal antigens. Any of these proteins can be 25 placed under the kidney capsule, in the fat pad, 

used as targets to develop therapeutic antibody, protein, or subcutaneously, or in a device which contains the pancreatic 

small molecule drugs. progenitor cells but limits access of other cells to the 

Uses of Pancreatic Progenitor Cells for Cell Therapy pancreatic progenitor cells (i.e. Theracyte®) in the recipient 

In another use, pancreatic progenitor cell lines are used mammal. Possible recipient mammals include but are not 

for cell therapy. Transplantation of pancreatic progenitor 30 limited to mice and rats. Typically in graft situations, donor 

cells is one such example of cell therapy. In cases where tissue is vulnerable to attack by the recipient's immune 

different types of pancreatic cells, such as islet cells or acinar system. To alleviate graft rejection, several techniques may 

cells, are unable to perform their function of secreting be used. One method is to irradiate the recipient with a 

insulin or glucagon respectively, transplantation of pancre- sub-lethal dose of radiation to destroy immune cells that 

atic progenitor cells provides a remedy because the pancre- 35 may attack the graft. Another method is to give the recipient 

atic progenitor cells of this invention are multipotent and can cyclosporin or other T cell immunosuppressive drugs. With 

differentiate into functional exocrine and endocrine cells. To the use of mice as recipient mammals, a wider variety of 

practice this use, pancreatic progenitor cells are Isolated and methods are possible for alleviating graft rejection. One 

cultured in serum-free, nutrient -defined media using the such method is the use of an immunodeficient mouse (nude 

methods disclosed. Pancreatic progenitor cells are grown on 40 or severe combined immunodeficiency or SOD). In a work- 

fibronectin-coated tissue culture plates to obtain pancreatic ing example, human pancreatic progenitor cell spheres are 

progenitor cell aggregates. Pancreatic progenitor cell aggre- placed on rat seminal vesicle mesenchymal tissue and placed 

gates are grown under standard incubation conditions for under the kidney capsule of an immunodeficient mouse. The 

about half a day to about 7 days, more preferably for about graft recombinant remains in the recipient for about 1 to 

1 day to about 5 days, and even more preferably about 3 45 about 52 weeks, preferably about 5 to about 40 weeks, and 

days. Pancreatic cell aggregates can then be administered to even more preferably about 6 to about 8 weeks before the 

a recipient and allowed to differentiate. In an alternative, grafts are harvested and analyzed for pancreatic progenitor 

pancreatic cell aggregates can be used as cellular carriers of cell differentiation. In some cases, a small portion of the 

gene therapy wherein pancreatic cells arc transfected with graft is needed for analysis. Markers specific for the islet 

one or more genes and enclosed in a delivery device and 50 cells (i.e. insulin, glucagon, etc.), ductal cells (i.e. CK 19, 

then administered to a recipient. In another embodiment, etc.), and acinar cells (i.e. amylase, etc.) is utilized in an 

pancreatic cell aggregates are placed under a kidney capsule immunohistochemical analysis. Another set of markers for 

and allowed to differentiate into acinar, ductal, or islet cells. exocrine and endocrine functions, such as markers specific 

In another embodiment, pancreatic cell aggregates are used for insulin or glucagon, may also be used to analyze the 

in a device which contains cells and limits access from other 55 efficacy of the transplantation. These markers can be used 

cells (i.e. Theracyte®) to limit immune system responses. separately or in combination with each other. In addition, a 

Uses of Pancreatic Progenitor Cells to Make Human Tissue combination of one or more of these markers may be used 

Models in combination with cell morphology to determine the 

Another use for pancreatic progenitor cells is to create efficacy of the transplantation, 

human tissue models in non-human mammals. Pancreatic 60 In one embodiment, human pancreatic model can be 

progenitor cell aggregates are placed on top of mesenchymal generated in a SCID (severe combined immunodeficiency) 

tissue to form grafting recombinants. To form grafting mouse. This human pancreatic model can be made by 

recombinants, about 1 to 15 pancreatic cell spheres, more utilizing the human pancreatic progenitor cells isolated and 

preferably about 5 to 8 pancreatic cell spheres, are placed on cultured with methods disclosed herein and using the human 

top of mesenchymal tissue. The mesenchymal tissue may be 65 pancreatic progenitor cells to make graft recombinants, 

either pancreatic or non-pancreatic tissue and may be Graft recombinants are then placed under the kidney capsule 

derived from a different species from which pancreatic of mice. After about 1 to 10 weeks, preferably about 6 to 8 
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weeks after implantation under the kidney capsule, the graft microscope prior to enzymatic dissociation. Enzyme treat- 

or portion thereof is harvested and analyzed by immunohis- ment consisted of placing the partly dissociated tissue in 1 

tochemistry. Markers specific to exocrine or endocrine ml F12/DMEM medium containing 5 mg/ml collagenase- 

funclion, such as insulin or glucagon are used lo analyze the dispase, 20 /ig/ml soybean trypsin inhibitor and 50 /*g/ml 

efficacy of the tissue model system. Alternatively, markers 5 DNAase for 15 minutes at 37 degrees Celsius, 

specific for pancreatic tissue such as islet cells (i.e. PDX-1), Cel1 aggregates were layered on top of a 5% (by volume) 

acinar cells (i.e. amylase), ductal cells (i.e. CK 19) are used. BSA gradient and washed by centrifugation for 6 minutes at 

Yet another way to assess the results of pancreatic progenitor 900 Pelleted cells which were still in aggregate form 

cell differentiation is by morphology. Pancreatic progenitor ™* resuspended I in growth medium consisting of CMRL 

cells have the appearance of being small and round, about 10 10 1066 nutneot medmm containin S toKovnng factors: 

across the cell, and in a highly compacted columnar 
epithelium form. Acinar cells have the appearance of large 
clusters farming acini. Ductal cells have the appearance of 
small, round, about 40 fan across the cell, and a compacted, 

cuboidal columnar epithelium. Islet cells have the appear- 15 
ance of epithelial islands surrounded by acinar exocrine 
units. Further, morphology is combined with functional 
markers for insulin and glucagon and cell surface markers 
for specific cells for a more complete assessment. The 

recombinant tissues thus represent a fully human mini- 20 
pancreas in a mouse. r Iliese human pancreatic tissue models 
can be used to assess efficacy and toxicity of drug candidates 
being developed to treat type I and type II diabetes, 
pancreatitis, pancreatic cancer, and for other pancreatic 

insufficiencies. They can also be used to screen any drug for 25 

pancreatic toxicity. In a further use, the recipient animal Resuspended cell aggregates were aliquoted into 

would undergo surgical or chemical (i.e. streptazoticin) fibronectin-coaled wells (6-1 2) of a 24-well dish and incu- 

pancreatic or islet-0 cell ablation so the insulin being pro- Dated at 37 degrees Celsius in a humidified 5% C0 2 incu- 

duced is coming from the graft. Dator f° r 72 hours. After 72 hours, the epithelial cells formed 

Uses of Pancreatic Progenitor Cells in Bioassays 30 suspended spherical structures (FIG. 1A) and the mesen- 

Hie pancreatic progenitor cells disclosed herein can be chymal or stromal cells were attached to the surface of the 

used in various bioassays. In one use, the pancreatic pro- well. When monolayer formation was desired, the pancreatic 

genitor cells arc used to determine which biological factors »g{f ff ?t pancreahc spheres from 6 of the wells were 

are required for differentiation. By using the pancreatic ^ 1 'h T * "Spm P h 1°° « 

\ „ . . • r i_- • ■_■ ■ 60 mm dish using F12/DMEM as basal nutrient media with 

progenitor cells m a stepwise fash.on in combination with 35 , he nutrien , s a * lements a disdosed . within 24 hours> the 

different biological compounds (such as hormones, specific structures attached and the cells from the structure ^ read 

growth factors etc.) one or more specific biological com- out onto the collagen t0 form m epitil e]ia\ monolayer (FIG. 

pounds can be found to induce differentiation to islet cells. j B ) p ancrea tic progenitor cells could be passaged at 

Employing the same stepwise combinations, one or more i east mree times (FIG. 2). 

specific biological compound can be found to induce dif- 40 

ferentiation to acinar cells and likewise for ductal cells. . „ . „ . m P ,, . „ 

Other uses in a bioassay for pancreatic progenitor cells are Us ° of P ancreatic Progenitor Cells in Transplants 

differential display (i.e. mRNA differential display) and . ,f or , l h he P" 1 ? 086 , ° f '^"mant g™fo°& the cells were 

. _, /• r lett in the spherical state from the time of oncinal plating or 

protem-protein interactions using secreted proteins from the monolaVers were released from the collaien and groVn 

pancreatic progenitor cells. Protein-protein interactions can 45 in non _ coated flasks where th remained in ^ pcnsi ^ n and 

be determined with techniques such as yeast two-hybnd re-aggregated into spherical structures, 

system. Proteins from pancreatic progenitor cells can be For the purpose of gra f tm g, the spheres were placed on 

used to identify other unknown proteins or other cell types top of seminal vesicle mesenchyme from el5 rats, usually 

that interact with pancreatic progenitor cells. These 5-8 spheres to a mesenchyme aggregate of 2X10 5 to 5xl0 5 

unknown proteins may be one or more of the following: so cells. Each recombinant was placed on agar and incubated 

growth factors, hormones, enzymes, transcription factors, overnight at 37 degrees in a 5% C0 2 humidified chamber, 

translational factors, and tumor suppressors. Bioassays The grafting consisted of placing from 3-6 recombinants 

involving pancreatic progenitor cells and the protein-protein under the kidney capsule or fat pad of an immunodeficient 

interaction these cells form and the effects of protein-protein mouse (nude or SCID) and left for 6--8 weeks. The grafts 

or even cell-cell contact may be used to determine how 55 were then harvested and processed for immunohistochem- 

surrounding tissue, such as mesenchymal tissue, contributes istry. 

to pancreatic progenitor cell differentiation. The result of pancreatic tissue recombinant graft trans- 

The following examples provide a detailed description of plantation was assessed by morphology. Pancreatic progeni- 

the isolation, characterization, and use of pancreatic pro- tor cells have the appearance of being small and round, 

genitor cells. These examples are not intended to limit the 60 about 10 /im across the cell, and in a highly compacted 

invention in any way. columnar epithelium form. Acinar cells have the appearance 

EXAMPLES °^ ^ ar ^ e c ' usters f° rrmn g ac > m (FIG. 3E). Ductal cells have 

the appearance of small, round, about 40 fan across the cell, 

Example 1 and a compacted, cuboidal columnar epithelium (FIG. 3D). 

Isolation of Pancreatic Progenitor Cells 65 Islet cells have the appearance of epithelial islands sur- 

Fetal pancreas (gestational age 14-22 weeks) was rounded by acinar exocrine units (FIG. 3 A, 3B,3C, and FIG. 

mechanically pulled apart by microdissection under a stereo 7). 
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Example 3 9. A method of isolating the substantially pure population 

Determining the Identity of Transplanted Pancreatic Pro- of human pancreatic progenitor cells of claim 1, comprising 

genitor Graft Cells, Differentiation State of Pancreatic Pro- the steps of: 

genitor Cells, and their Function (a) ^0^^™ a source of human fetal pancreatic 
After the pancreatic spheres have been transplanted under 5 pr0 genitor cells to yield a mixed population of pancre- 
the kidney capsule or fat pad of mice and allowed to remain atic cells comprising pan creatic progenitor cells; 
at that location for 6-& weeks, the grafts were harvested and „ v , . « • . , c ^ u • 
analyzed for identity of. pancreatic cells by immunohis- < b ) P laclD S the nmed population of pancreatic cells in 
tochemistry and function. The grafts have been shown to nutnent ,°? edia r ^lture conditions sufficient to 
express insulin and glucagon (FIGS. 4, 5, and 7). 10 su u stam ^ of ^ V™™«' progenitor cells and 
Furthermore, the tissue graft recombinants have shown the wher< f . the , nutnent "? e * a con . tams consist- 
formation of ductal structures (FIG. 6). Therefore, the tissue ia l ofi ms^hn, transferrin epidermal growth factor, 
recombinant grafts yielded functional pancreatic cells that ethanolamine, phosphoethanolamine, selenium, 
could express insulin and glucagon and form ductal struc- triiodothyronine progesterone hydrocortisone, 
fo rts 15 forskolm, heregulm, aprotimn, and bovine pituitary 
What is claimed is: extract; 

1. A substantially pure population of human pancreatic ( c ) maintaining suitable culture conditions sufficient to 
progenitor cells, wherein said population of pancreatic pro- allow pancreatic progenitor cells to form aggregate or 
genitor cells will differentiate into acinar, ductal, and islet monolayer formation; and 

cells. 20 (d).subculturing said aggregate or monolayer formation to 

2. The population of pancreatic progenitor cells according effect isolation of the substantially pure population of 
to claim 1, wherein the pancreatic progenitor cells are pancreatic progenitor cells. 

isolated and maintained in serum-free media. 10. A method of providing a source of an immunogen to 

3. The population of pancreatic progenitor cells according a heterologous recipient, comprising introducing a plurality 
to claim 1, wherein said pancreatic progenitor cells are 25 of pancreatic progenitor cells as recited in claim 1 in an 
identifiable by the expression of at least one cell marker. amount effective to induce an immune response in said 

4. The population of pancreatic progenitor cells according _ recipient. 

to claim 3, wherein said cell marker is selected from the 11. A method of generating human pancreatic tissue 

group consisting of cytokeratin-19, carcinoembryonic models in an immunodeficient or immunocompromised 

antigen, carbonic anhydrase II, and cystic fibrosis transmem- 30 non-human mammalian recipient, comprising the step of 

brane conductance regulator. administering human pancreatic progenitor cells of claim 1, 

5. The population of pancreatic progenitor cells according which have been recombined ex vivo with mesenchymal 
to claim 4, wherein said pancreatic progenitor cells have the tissue able to effect differentiation of said pancreatic pro- 
morphology of small and round, about 10 pan across the cell; - genitor cells, into said recipient at a location within said 
and in a highly compacted columnar epithelial form. 35 recipient able to support growth of said pancreatic progeni- 

6. The population of pancreatic progenitor cells according tor cells. 

to claim 5, wherein said pancreatic progenitor cells can 12. A method of providing a source of pancreatic tissue- 
further differentiate into acinar cells expressing amylase and specific biological components in a pharmaceutical devel- 
wherein said acinar cells have the appearance of large opment of one or more drugs comprising isolating the 
clusters forming acini. 40 population of human pancreatic progenitor cells as recited in 

7. The population of pancreatic progenitor cells according claim 1, and using said pancreatic progenitor cells or any 
to claim 5 wherein said pancreatic progenitor cells can cellular part of the cells thereof as targets of one or more 
further differentiate into ductal cells expressing cytokeratin drugs under development. 

19 and wherein said ductal cells have the morphology of 13. A method of providing a source of nucleic acids or 

small, round, about 40 pirn across the cell, and a compacted, 45 proteins in a development of bioassays comprising isolating 

cuboid al columnar epithelial form. nucleic acids or proteins from the human pancreatic pro- 

8. The population of pancreatic progenitor cells according genitor cells as recited in claim 1 and using said nucleic 
to claim 5 wherein said pancreatic progenitor cells can acids or proteins as one or more of the principle component 
further differentiate into islet cells expressing insulin and in the bioassays. 

glucagon and wherein said islet cells have the appearance of 50 

epithelial islands surrounded by acinar exocrine units. ***** 
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May 27 th , 2003 

Jan Visser, Ph.D. 
ViaCell, inc. ' 
131 Clarendon Street 
Boston, MA 02116 



Title of Application: Adult human islet-derived pancreatic stem cells (PSCs) as a substrate for the 
©x vivo manufacture of a cellular product for the treatment of diabetes 

Dear Dr. Visser: 

On behalf of the Board of Directors of the Juvenile Diabetes Research Foundation International 
(JDRF), I re gret to inform you that JDRF will be unable to support the above-named research 
project.' A summary of the reviewer critiques and recommendations is attached. This decision was 
based on a number of parameters, which are outlined in this summary statement. 

Please note that the review committee did not solicit resubmission of your application to 
JDRF. • ;;v : 

However should you choose to submit a revised version of this application it must be submitted first 
as a Letter of Intent (LOI). Please be advised that our next LOI deadline is June_30 th ( 2003. A copy 
of our updated Industry LOI RFA is attached. 

Please contact me if you have any questions. 
Sincerely, 



Kim Hunter-Schaedte, Ph.D. 
Associate Director, Industry Relations 
khunter@idrf.org Tel: 212-479-7537 

cc: Robert A. Goldstein, MD, Ph.D., Chief Scientific Officer 
Charles Queenan III, Chair of Research 
JDRF File 
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dedicated to finding a cure 

JDRF Industry Grants 



Companies intending or considering submission of a grant application to JDRF 
are recommended to first contact Kim Hunter-Schaedle, Ph.D. Associate 
Director Industry Relations (Phone: 212-479-7537; email- khtjnter@idrf.org). 



Purpose 

JDRF Industry Grants are intended to support applications from companies or 
for-profit entities proposing research programs that are targeted to one of JDRF's 
priority areas and closely focused on JDRF's mission. Areas of scientific need as 
outlined in the RFA - Research Emphasis Areas should be addressed. In 
particular JDRF encourages applications to develop or test, in preclinical models 
or early-stage clinical trials, novel therapeutic approaches for diagnosis, 
prevention or treatment of Type 1 diabetes or its complications. 

Eligibility ^ . u . t - ' 

JDRF Industry Grants are intended to support research in biotechnology 
companies or other for-profit entities, either publicly or privately held. JDRF also 
encourages applications to this category from companies proposing collaboration 
with academic researchers. 

Companies approved for funding by JDRF will be expected to enter into a 
contract-based agreement with JDRF regarding anticipated milestones in relation 
to anticipated funding, intellectual property and royalty issues, etc. These will be 
negotiated on a case-by-case basis and it is expected that these agreements will 
be in place before the commencement of funding. 

Mechanism of Support 

JDRF Industry Grants will be supported to a maximum of $1 million total costs 
per year for a period of up to 3 years. Applicants are however encouraged to 
consider requesting in the first instance smaller funding amounts to support 
short-term studies (e.g. 1 year) that will provide data and a foundation on which 
to base a request for additional funding, either from JDRF or alternate funding 
sources. 

Note: Indirect costs are not allowable on direct funding to for-profit entities: these 
are only allowable on academic sub-contracts and cannot exceed 10% of direct 
costs. 

Matching Funds ' 

Applicant companies must demonstrate a fiscal commitment to the proposed 
project that is equal to or greater than the fiscal amount requested from JDRF. 



2 



Industry Grants applications must be preceded by a Letter of Intent (LOI). 
These are reviewed in 2 cycles annually as follows: 



LOI to be 
received by: 


LOI review 
decision: 


Full application 
due by: 


Review decision 
notification: 


6/30/03 


mid-July 2003 


9/15/03 


early December 2003 


12/31/03 


mid-January 2004 


3/15/04 


early June 2004 



Letter of Intent (LOI) Application 

The letter of intent should outline briefly the goal of the proposed study 

relevance to JDRF mission, where it fits in the company business plan, estimated 

cost, timeframe and milestones, budget requested (linked to milestone 

attainment), other sources of company funding and details of matching funds to 

be commited to this project, and the biographical information on the principal 

investigator and co-investigators. 

The LOI should be 5-10 pages maximum. 

Please submit the signed letter of intent by dates indicated above to: 

Dr. Kim Hunter-Schaedle, Associate Director, Industry Relations, 
Juvenile Diabetes Research Foundation International, 120 Wall 
Street, 19th Floor New York, NY 10005-4001 USA 

An electronic copy should also be sent to khunter@jdrf.org. 
Notification of LOI Decision 

Applicants will be notified in the timeframe indicated in the table above as to 
whether, the LOI has been approved and a full application is solicited. Additional 
guidelines on preparing your application for submission will be provided at this 
time. 
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JDRF Industry Grant Review Spring 2003 
' Summary Statement 



Applicant: Jan Visser, Ph.D. 
ViaCell, Inc. 
131 Clarendon Street 
Boston, MA 02116 



Title of Application: Adult human islet-derived pancreatic stem cells (PSCs) 
as a substrate for the ex vivo manufacture of a cellular product for the 
treatment of diabetes 

Note to Applicant: Your application was reviewed according to the policies and 
procedures of JDRF for Industry Grant Applications which are as follows: l) 
Scientific review ; and II) lay Revie w followed by (for applications deemed 
meritorious following these two tiers of review) III) Business Revie w, and IV) 
review by our Board of Directors who are responsible for final decisions. While it 
is not possible to provide you with details of all of the discussions of these review 
panels, we are able to provide you with the following summary statement, which 
is intended to represent constructive criticisms concerning your application. If 
you have any questions about this critique or about JDRF policy and procedures, 
please contact a member of the JDRF Research Staff. 



Outcome of Review 
As a result of the considerations summarized below, the review panel 
recommended that this application does not merit funding in its current 

form. 



Summary of Scientific and Lay Review 

The reviewers noted that this application proposes to generate human beta cells 
from endogenous pancreatic stem cells and test these in transplant models of 
diabetic mice and primates. The reviewers, felt, that overall the. application is 
innovative; that the proposed approach with adult stem cells is unique; and that 
. the proposed studies with tolerization were potentially exciting and in theory may 
yield positive results. 



However there were a number of concerns. The reviewers felt that overall the 
submission of the application is largely premature due to a fundamental 
lack of sup porting preliminary data that is required to support the novel 
and somewhat c ontroversial hypoth esis presented. 

<— 

The reviewers noted that the hypothesis presented is novel and 
somewhat controversial, since it explores a new research area. In the 
light of this the reviewers, felt the onus was on the applicants to ensure 
that a rigorous approach be taken to these studies. The reviewers felt 
that neither the preliminary data presented nor the studies outlined 
were sufficiently r igorous . 

The reviewers were concerned that there was no demonstration that 
n estin express rails are indeed stem cell s. Published reports from 
Edlund and others, whose papers presented data to show that nestin is 
notexpressed in beta cell precursors, were not mentioned or cited. It 
is rjdiculojjsjhat they do not comment on this paper at all. In view of 
the tecTthaTthe application under review was utilizing nestin positive 
cells for islet source generation, the reviewers felt it was necessary for 
the applicants to have addressed the data presented in these papers. 

The applicants propose to measure i nsulin prod uction, by the cells but 
no preliminary dat a - even a measure of insulin/mg protein - is 
presented. The amount of insulin that would be produced by these 
cells is in fact likely to be extremely low, but this issue is not discussed. 

Overall the reviewers were concerned about the lack of data and the 
fact that there is nop-aja that the cells to be the focus of this study 
either would or could cure diabetic mice. It was not clear that ViaCell 
would advance beyond the original findings that formed the basis of 
this application. 

Budget: the reviewers felt this was excessive especially in terms of 
personnel for who support is requested. The reviewers also noted that 
the applicant company has 2 locations: one being better equipped than 
the other: and that in part funding is requested to equip the less well 
equipped site. The reviewers felt this was not necessary and that 
instead much of the proposed work could be consolidated to one site. 



Note: As a result of this recommendation your application did not undergo 

Business Review. 



Abstract of Application 

ViaCell Inc proposes to generate human beta cells from pancreatic stem cells. 
This proposal is based on works performed in the laboratory of Joel Habener in 
Boston where pancreatic stem cells were characterized based on their 
expression of the intermediate filament Nestin. Such nestin positive cells are- 
detected in the pancreas of adult rodents and humans and can be isolated and 
expanded in vitro. It also seems that such cells have some potential to 
differentiate into beta cells. An important point is that such stem cells are' 
immunologically privileged. ViaCell has licensed this technology that represents 
the key point of the proposal. 
There are 3 aims in this proposal: 

-1- Isolation of pancreatic stem cells and engineering of a clinical scale 
system for the ex vivo expansion of pancreatic stem cells and their derivates 

-2- Transplantation of pancreatic stem cells and their derivates in diabetic 
mice and monkeys to evaluate their function 

-3- Induction of immune tolerance using pancreatic stem cells. 



Individual Reviewer Critiques 



CRITIQUE - Ifteviewer 1 



. Overall summary of critique: 

I This proposal is based on works performed in the laboratory of Dr Habener. 
i While the work published by the group of Dr Habener is interesting, it is_not_yet 
| fully accepted by the scientific communit y. For example, published works 
I performed bv he group of Helen a Edlund in Sweden or Luc Bouwens in Belgium 
\ strongly suggest that nestfn-positive cells present in the pancreas are not 
j pancreatic stem cells. Significantly, such points are not discussed in the present 
proposal. In addition, while it is clear that insulin mRNA can be detected by PCR 
in cultures of nestin-positive cells, the amount of insulin per nestin-positive cells 
is not discussed here. There is a possibility that nestin- positive cells only co ntain 
traces of insulin . Finally, no evidence is presented suggesting that nestin-positive 
cells or their derivates could cure diabetic mice. Such preliminary data is crucial. 

Rationale: Here the objective is to use pancreatic stem cells (located in the 
pancreas) as a source of stem cells to generate mature and functional beta cells. 
Such pancreatic stem cells are the ones that physiologically differentiate into 
beta cells during the whole life. They do thus have by definition the capacity to 
differentiate into beta cells. 



Research design and Methods: The strategy proposed is based on a protocol 
recently designed in the laboratory of Dr Habener. 



The first step is to purify pancreatic stem cells located within human islets. 
Human islets prepared in Edmonton will be plated and using a protocol designed 
by Dr Habener nestin-positive cells that are the potential stem cells will migrate 
from the islets. Such cells will next be expanded. The feasibility of such step is 

The next step is to isolate "enriched populations of stage specific cells by FACS. 
Different positive and negative markers will be employed. The rationale for the 
choice of such positive and negative markers is unclear and references are not 
given. ' 

The next step is to scale up the system. ViaCell Inc should be able to perform 

this industrial step. „•*..•,. ■-. 

The next step is to differentiate such pancreatic stem cells into islet-like 
clusters". The applicants indicate that up to now islet like cluster formation is 
consistent but highly variable. They want here to standardize islet-like cluster 
formation. It is aiso proposed to measure here insulin content. P reliminary da ta 
s howing insulin/mg protein of isjet like clusters is missing key data . 
The final step is to transplant adult derived pancreatic stem cells and their 
derivates into models of diabetes. Different routes of injection will be compared 
(intravenous tail, hepatic portal vein, intrasplenic, subrenal). The rationale for 
each site is well described. Both diabetic mice and diabetic non-human primates 
will be transplanted. The model in mice is currently functional. The model in non- 
human primate is correct. 

Preliminary data: The first group of preliminary data is derived from the 
laboratory of Dr Habener, generated by Dr Abraham when she was post doc in 
Habener's lab. She confirmed in ViaCell the data obtained in Habener's lab. In 
brief, nestin-expressing cells can be enriched from human islets and RNA coding 
for insulin can be amplified from such cells. De^njngJtjB^amount of insulin^ger 
cell would have strongly strengthened the preliminary data. 
The nestin-expressing cells were next transplanted to non-immunosuppressed 
mice. The cells grew and were not rejected. Such 2 points are important. It 
seems that islands of endocrine tissue developed, but the picture that is 
presented is not fully convincing. Insulin content per graft, in situ hybridization' 
using an insulin probe, demonstration that human insulin or human C-peptide is 
found in the blood of the mice would have strongly strengthened the preliminary^ 
data. 

Data related to FACS analysis are presented indicating the feasibility of this step. 
Finally data indicating that diabetic mice and non-human primates can be 
generated are presented. 

In conclusion, preliminary data are. clear. Crucially, what is missing is a 
demonstration t hat nestin-expj§ s§ing£eM2£i&^ 

Research milestones: The milestones are clear and logic. A new time, 
preliminary data should have been presented related to the milestone "evaluate 
PSC in' STZ induced mice". It is however not clear that the rion-primate part can 
be started year 1. 



Resources and Environment: Resources and environment seem perfect to 
reach the objectives. 

Personnel: 22 people are involved in this project. Dr Abraham did a recent post 
doc in the laboratory of Dr Habener. Two scientists have an excellent 
background in the field of stem cell research. 

Contractual collaborative arrangements: Strong collaborations exist with Dr 
Habener. Collaboration has also been built with D r D. Greiner, (Division of 
Diabetes, Worcester), to generate models of diabetic mice and for 
transplantation. 

Budget- 22 salaries are requested which is a lot. $300,000 for supplies for year 1 
is also very high. Equipment: $237,000 requested. It is not clear why 4 C02 
incubators are needed. 

Matching funds: The total budget for 3 years is 11,623,673 million dollars and 3 
millions are requested from JDRF. 

Assurances: Copies of the i nstitutional review board hav e not been included. 

Outcome benefits of research: If human pancreatic stem cells could be use as 
a starting source to generate human beta cells, this would be a dream. In 
addition, such human pancreatic stem cells are not rejected when grafted to 
immunocompetent mice, suggesting that they could be used without 
immunosuppression. 

Information disclosure and sharing of generated resources: This issue was 
difficult to judge. 



Overall summary of the evaluation: This study is based on the assumption that 
nestin-positive islet derived progenitor cells (PSCs) participate in islet 
neogenesis. Such cells neither express insulin nor glucagon and they are 
different from ductal epithelial because they do not express CK19. 
The study has got three major aims: 

1; To isolate enriched preparations of adult human multipotent PSCs and 
engineer an ex vivo system for their amplification 

2; To evaluate in animal models of diabetes the feasibility of conducting a clinical 

trial • 

3- To induce immune tolerance by using MHC negative PSCs in an animal model 



CRITIQUE - Reviewer 2: 




The major problem with this study is that there are at least two publications last 
year (Helena Edlund's group and Hanjey in Newcastle), which v ery thorough ly 
have investigatedlhis working hypothesis. Both of them concluded from their 
data quite in contrast to the studies by Habener et al, that they call for caution in 
trying to generate beta cells from nestin-positive cells. The a pplicants apparen tly 
p refer not to discuss th ese quite intriguing data. 

One more weakness of the application is that the transplantation experiments are 
f anecdotal in nature and that they have not been published. This also means that 
^ the preliminary data on inductiorjof immune tolerance are difficult to judge, 

Rationale: The proposal addn/sses an important issue but for the reasons given 
above one has to be q uite sceptical as regards the scientific basis for the study 
(negligence of discussing reports not supporting the basis for the whole grant 
u proposal). A proposal on just the propagation of the PSCs and their molecular 
characteristics would have been more appropriate. 

• Research Design and Methods: Details of this kind are quite sparse (1 page on 
how PSCs are prepared and qualitatively scrutinized). The transplantation 
studies are described more in detail. To some extent the applicants seem to rely 
on the efforts of the consultants (Dale Greiner; Charles River Laboratories). 

Preliminary data: The platform for this proposal is the publication by Habener et 
al (Diabetes, 2001). One of the collaborators of that study, Dr Elizabeth 
Abraham, has joined the company since then and the preparation technology 
now seems to work in the new environment. Some improvement seems to have 
been implemented re the isolation/preparation of PSCs. FACS analysis has been 
carried out in order to describe the heterogeneity of the PSC cultures. There are 
also anecdotal reports on non-immunosuppressed mice successfully 
transplanted with human PSCs. The xenogeneic grafts were shown, by 
immunohistochemical means, to contain insulin and glucagon. They also 

\ contained PDX-1 positive cells and there were no signs of rejection. 

■> 

Research milestones: Keeping in mind the doubt of this reviewer and the 
scientific community in a broader sense to the basic idea of this study it does not 

I make sense to comment on this issue. 

r 

Resources and Environment: ViaCell seems to be a well-equipped company 
but still equipment applied for in the project amounts to §240.000. Why should 
two laboratories be equipped? 

Personnel: The PI is a recognized stem cell biologist. His experience in 
experimental diabetes research, however, is minimal. In general, his scientific 
productivity, shown as being the responsible authors of scientific papers, is 
limited over the last years. Dr Elizabeth Abraham, senior scientist and Co-PI, has 
. been working in the lab of Joe Habener over the last years with the Nestin 
project. Her qualifications from other areas are difficult to judge and especially so 



in the field of diabetes. This is somewhat unsatisfactory, since she is the person 
supposed to do the job. Dr Dale Greiner, UMASS.has expressed his delight in 
collaborating in the rodent transplantation experiments. 

Contractual Collaborative Arrangements: Dr Habener is the only consultant 
specified. There is quite a costly contract with him but most certainly it is 
necessary for the project. 

Budget: / 

The budget requested is difficult to assess. The Co-Pi and one technician are the 
only personnel working on the project full time at present. Four more are to be 
named. A considerable sum is the cost for the animal care, especially so the 
monkeys. These costs are not appropriate at present. Contractual costs: the only 
person named this far is expensive. 
No other support is reported. 



CRITIQUE - {Reviewer 3 :) 

This review is focused on the proposed cell culture aspects, for which extremely 
limited detail has been provided. 

The multiple difficulties that will likely arise while translating mainly qualitative 
laboratory results to the stringent needs of clinical applications are essentially not 
addressed. 

Rationale: The in vitro production of islets has the potential to cure diabetes. 
Production based on adult islet-derived PSCs deserves further research and 
development efforts, particularly if such an industrial group will address the many 
practical issues that most academics groups neglect. 

Preliminary Data: The culture expansion of putative PSCs has been replicated 
and extended to "large numbers" and for months/but the neither the quantity nor 
the quality of the generated cells is not at all clear. In most cases of this type, the 
quality of the cell populations is greatly deteriorated in culture. Parallel 
hematopoietic stem cell (HSC) work might give some confidence in the 
capabilities of this company, but again, almost no performance or scale data is 
given. (The 40-. to 150-fold HSC expansion cited in the Business Plan is 
incredible and must be regarded with caution since even the refereed literature is 
! full of such reports, though no such major expansion has been confirmed by 
' rigorous in vivo assays.) 

Research Design and Methods: The proposal to focus on expanding PSCs is 
a good one. Selection strategies are a valid aspect of such an effort and a core 
strength of this company. However, the predominant focus on the selection 
aspect for the process development seems inappropriate. The single paragraph 
on "Process Engineering Development and Scale Up of Ex vivo Amplification 



Systems" makes no mention of further cell culture optimization strategies (e.g. 
factor additions that might be tested). Based on the mainly qualitative 
preliminary data, there is little evidence presented that the medium composition 
has been optimized and so this aspect should have been addressed in the 
proposal. Furthermbre, although selection strategies may be valuable, they will 
be useless if they cannot be practically scaled-up. How these will be scaled-up is 
not addressed except that a year and a half effort is cited in the milestones. 
Overall, I would expect the otherwise neglected aspects of cell culture and 
selection scale-up Co be major engineering challenges. 

Research Milestones: These are overly ambitious. 

Resources and Environment: Though "all equipment needed for large scale 
cell cultures" is cited, it is not described. 

Personnel: The personnel seem very, good, though the cell culture scale-up 
engineering expertise appears weak. Trie linkage with Dr. Habener is excellent. 

Budget: The budget appears overly modest for the work described. 

Outcome Benefits of Research: The benefits could be very great, but it is not 
at all clear how close this group's current results may be to clinical applications. 



CRITIQUE ^ Reviewer 4-J 

Overall assessment: This proposal is scientifically exciting and unique in the 
• approach to use adult stem cells that are derived in pancreatic islets. A clear 
; approach towards non-human primate experiments is taken as assessment of 
'feasibility towards human trials. 

However, the application is deem ed prematur e. Its drawbacks are mainly the lack 
of clear and conclusive preliminary data. A better phenotypic characterization of 
the PCS and ILC at the genetic level (ie markers of stem cells such as oct-4, 
telomerase), and more detailed analysis of expressed genes/proteins, are 
needed but are lacking. Furthermore, the potentially important observation that 
these PCS may evade immune rejection or/and induce tolerance needs to be 
better substantiated at the molecular level and possibly with in vitro assays (such 
as T-cell activation, Cr-51 release assays). The observation that these cells 
continue to proliferate after xenotransplantation, into mice needs further 
clarification as to. whether this expansion in cell number is an adaptive response 
or an uncontrolled proliferation of these cells that are placed under the kidney 
capsule. On this basis it appears premature to propose trials in non-human 
primates. A better characterization in the mouse xenotransplantation model 
would greatly benefit a reapplicatioh of this proposal. 



Rationale: The present grant proposes generation of large quantities of 
transplantable tissue that functionally behaves like pancreatic islets. The primary 
source of cells are adult human islet-derived nestin positive pancreatic stem cells 
(NIPS or PCS) for a) in vitro expansion, b) in vitro differentiation of islet like 
clusters (ILC). These cells have been described and characterized in the 
laboratory of Joel Habener, who is a consultant in the present proposal. These 
PCS and ILC are reported to have properties very much like pancreatic beta cells 
in their secretory capacity of insulin and certain electrophysiological properties 
after stimulation With glucose and glucagon-like peptide-1. Furthermore the 
applicants claim that these PCS and ILC evade immune rejection in that they do 
not express MCH class I and II surface molecules and that they induce mixed 
chimerism. On this basis the applicants are moving proposing 
injection/transplantation of PCS or ILC into rodent and non-human, primate 
models of streptozotocin-induced diabetes mellitus to assess the effectiveness of 
this approach in a cell-based cure for type 1 diabetes mellitus. A strength of this 
proposal - only indirectly mentioned - is that ILCs may be capable of mimicking 
whole islets with all the islet hormones being present in different cells of the ILC. 
This approach differs from other approaches that aim to generate pancreatic beta 
cells only. 

Research Design: The research design is straightforward. The investigators 
propose to grow PCS and ILC, transplant them into diabetic mice and non- 
human primates with or. without immune suppression and follow metabolic 
control. The methods to isolate, culture and differentiate PCS is well presented 
and published by the co-PI. The main drawback to the research design is the 
lack of enough detailed preliminary data to support the advancement of the work 
into the time and cost-intensive non-human primate model. 

Preliminary Data: The proposal builds on the finding that nestin-expressing cells 
are present in pancreatic islets of rodents and humans. These nestin expressing 
cells can be isolated from islets by culture methods or by fluorescent activated 
cell sorting. The former has the potential to damage DNA and is therefore not 
proposed to be a viable approach in the beginning of the proposal. However, 
later in the proposal it is then again introduced as a method for isolating the 
NIPs. These NIPs can be passaged for several months and under certain culture 
conditions will form small cell clusters that express hepatic and pancreatic 
markers, secrete insulin upon glucose and glucagons-like peptide 1 stimulation. 
Data is presented on xenograft experiments of human PCS under the kidney 
capsules of C57BI/6 mice, where expression of islet hormones and the 
pancreatic transcription factor PDX-1 is detectable. Although hepatic markers are 
mentioned in the initial report of PCS that differentiate into, eridocrine cells, no 
hepatic markers are mentioned in the in vivo xenotranplantation experiment in 
mice. The. applicants point out that no rejection of the xenografts was noted. 
Furthermore, it is- mentioned that, the PCS lack MHC class I and II molecules. 
Immunohistochemistry data show that nestih-positive PCS lack MHC I and MHC 
II when examined in rat islets. However, no clear positive control for MHC I and II 



staining is provided . Furthermore, no data on MHC expression (RNA and 
protein) is provided at from NIPs and ILCs taken and grown in culture and there 
is no staining for MHC I and II of NIPs derived tissue under the kidney capsule of 
transplanted mice. The applicants propose mechanisms how the PCS evade 
immune-rejection but fail to provide convincing data for their contentions. 
Data of streptozotocin induction of diabetes in NOD/SCID mice and successful 
treatment of a subset with insulin pellets are shown. Data of successful induction 
of diabetes mellitus with streptozotocin in Cynomglus is presented. 

Research Milestones: A schematic on the proposed time-course of the studies 
is provided on page 5 of the application. There is no other assessment of 
milestones specifically mentioned in the proposal. However, it is assumed that 
metabolic correction of diabetic animals after transplantation of PSC or ILC will 
be important milestones in the studies. The time course proposed appears rather 
optimistic. It is doubtful that all the proposed work - in particular the time- 
intensive non-human primate work - can be conducted in the three years that are 
applied for. Because of concerns noted further below, it is doubtful that the 
research milestones can be achieved in the presented time frame. It is suggested 
that a more detailed assessment of the growth characteristics of PCS after 
transplantation, immune-phenotype of PCS and phenotype assessment (liver 
phenotype, islet phenotyp) be conducted before the non-human primate 
xenotransplantation work be conducted. 

Resource and Environment: ViaCell has two campuses. The campus in 
Worcester, MA appears to be better equipped than the one in Cambridge, MA. 
Overall, ViaCell appears to be well equipped with the infrastructure to conduct 
the work proposed. 

Personnel: The PI and the Co-PI are well equipped to lead and conduct the 
proposed work. Dr. Visser has devoted his career to stem cell biology and has a 
tremendous experience in this field. Dr. Abraham has worked in Dr. Habener's 
laboratory and received first-hand experience with NIPS and ILC under Dr. 
Habener's guidance before moving to Viacell when the NIPS project was 
transferred to industry. A number of other individuals are involved in the 
development of the project including one full time technician, one 50% scientist 
and still to be named scientists (2), Sr. research associate (1, 25%) and 
technicians (2). 

A program manager is included in the staff with a large percentage of effort. The 
role of the program manager is not clearly delineated in the proposal and it is 
unclear why a relatively large amount of salary is being dedicated to this function. 
The key personnel mentioned on page 3 of the application is adequate to 
perform- the proposed work. 

Contractual and. Collaborative Arrangements: Although the applicants 
mention that human pancreatic islets will be supplied by the group in Edmonton, 
Alberta, Canada, there is no documentation provided that the group in Edmonton 



agrees to* supply the material needed for the successful implementation of the 
proposed projects. 

Mouse work will be conducted at the University of Massachusetts in Worcester 
with a collaborative agreement with Dr. Greiner. The animal facility is located 
close to the ViaCell campus in Worcester and is experienced in the conduct of 
the proposed work. No approval is provided for the conduct of mouse 
experimentation with this, proposal. 

Non-human primate (Cynomolgus Monkey) work is proposed as a contract to 
Charles River Laboratories. A part of the present proposal seeks funding for 
application for approval for conducting studies in non-human primates. It is 
assumed that if funded, the application for non-human primate studies will be 
initiated. 

Dr. J. Habener is a consultant for all aspects of the studies proposed in the 
present application. Dr. Habener is a preeminent researcher in the diabetes field 
and his experience and expertise are a tremendous asset to the present project. 

Budget: There are some concerns: 

The proposal requests investment for equipment of the Cambridge location 
(cryomicrotome, fluorescence microscope, film developer, imaging scope 
system, microplate reader, gamma counter and spectrophotometer). The prices 
mentioned for these machines are at the higher end of the ranges that are 
currently available. Rather than purchasing this new equipment, the applicants 
may consider to conduct most of the work proposed at the Worcester campus, 
which is closer to the mouse and non-human primate facilities. A rationale to 
specifically equip the Cambridge campus is not given. 

A more detailed rationale for involving a program manager with a relatively high 
percentage contribution needs to be provided. 

It may be unrealistic to advance into non-human primate models before 
addressing in the mosue model important aspects of growth behavior and 
immune phenotype of PCS and ILCs. Therefore, proposing the non-human 
primate aspect and its budget is premature. 

Matching Funds: Viacell proposes to invest twice the absolute dollar amount 
towards the project as is being sought for from JDRF. There are no competing 
grant applications mentioned. In the event of commercially profitable outcome of 
the proposed project, ViaCell pledges to remunerate JDRF according to "industry 
standards". 

Assurances: Precautions towards hazards for potential human application of the 
present proposal, are not clearly addressed in the present proposal. Below are a 
few examples deemed important by the. reviewer: 

Special note on immune tolerance: There are no studies proposed to assess 
the immune rejection/tolerance of the transplanted pancreatic stem cells or ILC. 
The reviewer finds that rejection or tolerance should be positively documented by 



experimental means in the present proposal for successful development of the 
proposed procedure towards a therapy. 

Growth behavior of transplanted cells/ILC: Which precautions and tests have 
been taken and. will be taken to assure that the NIPS and ILC's do not transform 
into malignant growth behaviour? 

Infection control: It is assumed that information from organ donors regarding 
infections agents will be provided when procuring the islets used in the proposal. 
Further testing is not proposed in the present application. 

Outcome/Benefits of Research: The outcomes of the studies may lead to a 
conclusion whether the pancreatic stem cells indeed can be used as a source for 
transplantable human tissue in diabetics. The study design directly addresses the 
question about what may happen in the xenotransplantation model. The 
concerns are that insufficient studies are proposed to address the scientific 
concenrns mentioned elsewhere in this evaluation. 

Information Disclosure and Sharing of Generated Resources: On page 61 of 
the proposal ViaCell assures that full access to data and findings will be 
provided. Scientific findings will be reported in peer-reviewed journals and via 
presentations at scientific meetings. ViaCell pledges to share reagents with 
prevailing industry and academic standards. The PI on the project has published 
in peer-review journals from his position at ViaCell in the past, and it is 
anticipated that he may continue to do so in the future. 
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Gordon C Weir, M.D. 
Editor, Diabetes <■ 
Joslin Diabetes Center 
One Joslin Place 
Boston, MA 02215 

Dear Dr. Weir, 

My colleagues and I submit the enclosed manuscript entitled "The Neural Stem-Cell 
Protein Nestin Expressed in a Distinct Cell Population Within Pancreatic Islets" for your 
consideration for publication as a Rapid Publication in Diabetes. We describe the 
identification within islets of stem/progenitor cells that express the neural stem-cell 
specific marker nestin, and that proliferate in vitro for nine months. We also have 
preliminary evidence that glucagon-like peptide agonists stimulate the proliferation of 
these islet stem/progenitor cells* 

Sincerely yours, 




JFH/ral 



, * Health Core System Memtwr 
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6 March, 2000 

Joel F. Habener, MD 
Massachusetts General Hospital 
Laboratory of Molecular Endocrinology 
55 Fruit SL-WEL320 
Boston, MA 02114 

Re: MS#DOO-048 

Dear Dr. Habener: 

Your manuscript entitled 4t The Neural Stem-Cell Protein Nestin Expressed in a Distinct Cell 
Population Within Pancreatic Islets" has been examined by an outside reviewer and by the 
editors. Unfortunately, the reviewer was highly critical of the manuscript and, for the reasons 
outlined in the review, we are unable to accept the paper for publication in Diabetes. In 
looking over die paper, I was struck by Figure 3, in which a duct-like structure is heavily 
stained for nestin. Because of the thick walls of this structure, 1 wonder very much if it could 
be an artery, rather than a pancreatic duct. In any event, your findings are very provocative, 
but I am afraid that more work will be necessary to strengthen the hypothesis. 

I am sure this negative decision will disappoint you, but please keep in mind that we accept 
only a small number of papers in the "Rapid Publications" category. Certainly, it is in no 
way meant to adversely influence your submission of these data to be considered as a regular 
publication in Diabetes if you continue your study. 

Thank you for submitting your manuscript to Diabetes. 



Sincerely, 




Gordon C. Weir,MD 
Editor 



JS^ l fliahri |gS^ Comments to Authors 

Re: MS #D00 -048 ("Rapid") ^J^JJ^OOO " 

Title: The Neural Stem-Cell Protein Nestin Expressed in a Distinct Cell Population Within 
Pancreatic Islets 

These comments wiU,be transmitted to the authors. Do not indicate your judgement about 
acceptibility for publication. 

I am compelled by the data and the idea that Nestin could be a marker 
for the endocrine precursor cells within the islet and the duct, but I think that 
based on recent data in the literature, that it is critical for the authors to show 
that these cells express Neurogenin 3. I also believe that it is possible that the 
authors have actually achieved in culturing islet neurons and not precursor 
cells at all. It is known that NPY and galanin expressing neurons are found 
within the islet. It should be ruled out that these cells are not expressing either 
of these neuropeptides. 

I truly believe that if the authors can show that these cells express 
Neurogenin 3 and that the pseudoislet structures that form in their cultures 
loose Neurogenin 3 expression and become endocrine that this will be truly 
important work. 
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7 June, 2000 

Joel F. Habener, MD 
Massachusetts General Hospital 
Laboratory of Molecular Endocrinology 
55 Fruit SL-WEL320 
Boston, MA 02114 

Re: MS#D00-048 

Dear Dn Habener: 

Your revised manuscript entitled "Stem-Cells Isolated from Pancratic Islets Express Neural 
Stem Cell Marker Nestin and Differentiate, Ex Vivo, into Endocrine Cells" has been 
examined by the original reviewer, by a new reviewer, and by the editors. Unfortunately, we 
are still unable to accept the manuscript for publication in its current form Although both 
reviewers feel that this work m^y be important, they have raised major concerns. We hope 
you can address all of the concerns of these reviewers, either with additional experiments or 
with further clarification. 

To resubmit your manuscript, please send four copies of the revised manuscript with the 
figures, along with four copies of your specific responses to each of the points raised. Also, 
please include a 3.5-inch diskette labeled with the author's name, manuscript title and 
number, and the software and hardware used. 

Thank you for submitting your work to Diabetes, 

Sincerely yours, 




Gordon C Weir,MD 
Editor 
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Comments to Authors 



Re: MS#D0G-048 7~1 1 ■ 

Reviewer #2 (p j ") / ^LotfO 

T^Stono-Cells Isolated from Panciatic Islets Express Neural Stem Cell Maricer Nestin 

These comments will be transmitted to the authors. Do not indicate your judgement about 
acoeptabPity for publication. 

In this work, Zulcwati et al show that Ncatm is expressed in pancreatic islets. They also proposed that Nesttn could 
represent a mailer for stem edit that ooulddiffcrtsuiaift Into endocrine cdls. 

pis is a very preliminary study. While the woddng hypothesis is very inier^ting, neither the date do not support si all 
Aeeonclnaion*. 

fitte d 0 0 Pfo 1 , it Is quite dear thst Ncstin is expressed in the pancreas during embryonic life farm, and in the isku of 
Langethans ia the adult pancreas in the rat Thi^ pattern of expression in the adult rat pancreas farther confirms data 
published in rodents in Biochemical and Biophysical Research Communication (Httnxfceretal, 271, 116*119; 20(00). 
Howw, the quality of the fig J can be improved Ftnoretceace images obtained with a confoca! microscope should be 
added to* clearly demonstrate that nestin*taining I s associated whh <£jtinct c ells. It is also important to show thai the 
nestuxxpeesting cells arc not nerve cells. In the smdy. an antiserum to galanin was used (page 10 of the MS), but the 
data are not shown. Such data should be illustrated. Moreover, additional markers for nerve eelb should be used to 
further demonstrate that the nesdn-cxprcsiing are not nerve cells. 
Fig.1 , panel E. top right is not totally clear. Ho edddium bromide band is seen. 

Ffr.2 and thefpnapoading text areata not char, 

Stat, in FiglAl and A2, le cells that grow as a monolayer do not s*em phenotypicalVy homogenous. Moreover, 
while some cells stain positive for nestin, the other stain negative. 
How were the doubling times estimated? 

The characterization of NIP is not satisfactory . First. RT-PCR is not a proper way to characterize such cells, 
became It is not clear that those Hips are clonal and derive from one cell Thus the PCR signal could be due to any type 
Of contaminating cells. Next, N-CAM is not a good maricer for endocrine cells. While it is expressed In endocrine cells 
h> the pancreas during adult life, it is also expressed in nave and ganglia in the pancreas. Moreover, during embryonic 
life, it is a strong marker of mesenchymal cells (Eani et al,*J CeU B Sol, 1 999. 1 44, 325-337). Finally, it is not a specific 
maricer for pancreatic cells. Outside tbe pancreas, it ii expressed in different other cell types. 

rnneerning Ftyl and the capacity of those NIP edit m differentiate into endocrine tissue. 

It is not demonstrated in the present work thst NIP can give rise to endocrine calls. Indeed: 

1. thcIDXl staining is not convinemg.. 

2. The expression of IDX1 when the cells are grown in the presence of FGF/ECF is not shown. 

3. The levels of insulin secretion seem very low and it is not clear that this is not due to contaminating beta cells 
that were pment at the beginning of the culture. In fact, in Fig2AX it is dear thai contaminating ireulm-exprasing 
cells are pment at the beginning of the culture. 

4. The potential importance of beaoollulin. activin, HCP have to be studied. 

E&A U fully speculadve. 

In the dUpmujpn ^ctk>n: U baa not been demonstrated in Ref 40, Thai the cells that have been transduced with IDX-l in 
the liver are hepatic stem (oval) oells as indi c a t e d on page 17. 



In conclusion, this is an interesting but very preliminary study that requires further experiments. 



ClldbStGS Comments to Authors 

Re: MS #D00 -048 (Revised) ) j \ ~T 

Reviewer* U |1 [O-^ 0 

Title: Stem-Cells Isolated Cram Pancratic Islets Express Neural Stem Cell Marker Nestin 
and Differentiate, Ex Vivo, into Endocrine Cells 

These comments will be transmitted to the authors. Do not indicate your judgement about 
acceptibility for publication, 

This is a potentially important manuscript for the field of Diabetes and the search for pancreatic 
stem cells in islets and ducts. The authors have identified what appears to be a unique cell type with 
non-ductal, non-endocrine morphology, which when given various stimuli appears to show some 
ability to differentiate into cells secreting endocrine hormones. 

Critique: 

The identification of potential stem cells in the islets and the ducts is a major finding for those 
researchers interested in producing P-cells for transplantation. The authors have documented the 
expression of nestin, a neural stem cell marker, in embryonic as well as adult islet and ducts. These 
nestin positive cells have a capacity to replicate and differentiate in vitro. Overall, the quality of 
some of the photomicrographs is quite poor, but the data is well presented. The evidence supporting 
the major findings in the manuscript needs to be strengthened. 

Major Points; 

1) In many places in the paper the authors refer to these potential stem cells as pluripotental 
progenitor cells, while never providing any evidence that these nestin positive cells can 
become ductal cells (expressing carbonic anhydrase, CFTR, etc.. only cytokeratin 19) or 
exocrine cells (expressing amylase, trypsin, etc.). Unless the authors can provide evidence 
that these cells can become ductal, exocrine and endocrine, given the proper stimuli, they 
should reframe from use of pluripotentiai I believe it is possible that these cells do have 
these properties. 

2) Fig. 2B, It would be nice to see nestin staining in the human nestin positive cell cultures. 
Does their rat antiserum recognize the human? 

3) Hg.3a, the authors show a section poorly stained for IDX-1. Do the authors not have any 
better pictures than these? It would be preferable to show the preculture staining instead of 
the prdmmune serum in pig. 3b. It would appear that only perhaps 10% Of the cells axe 
positive for IDX-1 . Have the authors done any cell counting to quantitate what percentage 
of the cells can become IDX-1 positive, What percentage of the earliest NIP cultures have 
EDX-l positive cells7 Is there colocalization of nestin and IDX-1? 

4) Kg. 3D. The authors show RT-PCR for proglucagon. Was the same performed for insulin? 
Do the authors have PCR data from precultures for insulin and glucagon? 

5) Pgl2 paragraph 2. Here the authors state the values obtained for insulin, glucagon and 
GLP-1 in the media* It is not clear from the methods whether these cultures, which were 
supplemented with growth factors, also contained the 10% serum that was provided in the 
early cultures or were these serum free cultures from 72-96 hours. This should be clarified in 
the oicthods. If the cultures were with serum, then it is difficult to know if the NIP's really 
produced these hormones or if they were values obtained from the serum. The values are 



^j^LCfaSkbStlGS Comments to Authors 



Re: MS #D00 -048 (Revised) 
Re\riewer#l 

Title: Stem-Cells Isolated from Pancratic Islets Express Neural Stem Cell Marker Nestin 
and Differentiate, Ex Vivo, into Endocrine Cells 

These comments will be transmitted to the authors. Do not indicate your judgement about 
acceptability for publication* •' 

quite low. I would be much more convinced by seeing nice double staining for nestin and 
insulin or glucagon or IDX-1 and insulin. It would be quite easy to quantitate the numbers of 
positive cells in this manner. It would be of great interest to know what the ratio of glucagon 
to insulin cells produced by the cultures is. If we want to treat diabetes, we would prefer the 
conditions of cultivation of such cell* to make 0 and not a cells. 

6) P18. The authors bring up an important point in paragraph 18 (starting on page 17) about 
proliferation. Do the authors know if the differentiated endocrine cells in the cultures are 
post-mitotic? Have they examined BrDu incorporation or MPM-2 or Xi67? 

7) It has recently been published that the neural gene Neurogenin-3 is a marker of the 
precursor cells for the endocrine cells of the pancreas (Nature 400:877-881, 1999; Diabetes 
49:163-176, 2000; PNAS 97:1607-1 1, 2000), It would strengthen the paper greatly for the 
authois to examine this in their cultures, either by PCR or immunostaining. Transduction 
Laboratories (www.translab.cdm 1 ) sells a mouse anti-Ngn3 antiserum that works on frozen 
sections. This could nicely be combined with the rabbit anti-uestin antiserum. Stem cells 
may not express Ngn-3. We simply don't know. 
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2 August, 2000 

Joel F. Habener, MD 
Massachusetts General Hospital 
Laboratory of Molecular Endocrinology 
55 Fruit St.-WEL320 
Boston, MA 02114 

Re: MS#D00-O48 

Dear Dr. Habener: 

Thank you for submitting the second revision of your manuscript entitled "Stem-Cells 
Isolated from Pancreatic Islets Express Neural Stem Cell Marker Nestin and Differentiate, Ex 
Vivo, into Endocrine Cells/' It has been examined by the two reviewers and by the editors. 
We are left with a difficult problem with your paper, because both reviewers, who have worked 
hard with this potentially interesting manuscript, still have severe concerns. Both Rfcviewer #1 
and Reviewer #2 have made very clear what will be required for this paper to become 
acceptable. I have spent a lot of time with this paper also and must agree with their points. 
With regard to some specific suggestions, there must be a way to obtain better images than 2a. 
Another problem concerns the hormone results on page 12. The most obvious concern lies 
with the insulin measurements. Even though the assay is described as being very sensitive, 
12-44 pg/ml insulin is a small amount. It seems to me that documenting the presence of 
insulin in the ILCs must be done more thoroughly so as to be convincing. Thus, more 
information needs to be provided about the immunoassay and about the number of 
experiments that were used to draw these conclusions. In addition, statistics are probably 
indicated in this situation. It should also be possible to show the presence of insulin more 
convincingly by immunostaining, as well as by PCR. 

I hope you can find some way to revise this paper so that the reviewers and editors feel more 
comfortable with it. As before, to resubmit your manuscript, please send four copies of the 
revised manuscript with the figures, along with four copies of your specific responses to each 
of the points raised. Also, please include a 3.5-inch diskette labeled with the author's name, 
manuscript title and number, and the software and hardware used. 

I will be pleased to discuss the matter further with you by telephone. 



Sincerely. 




Gordon C. Weir, MD 
Editor 
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CUsb&tGS Comments to Authors 

Re: MS #D00 -048RR (2nd revised) ^ U " 
Reviewer#l ^/^<«™J 

Title: Stem-Cells Isolated from Pancratic Islets Express Neural Stem Cell Marker Nestin 
and Differentiate, Ex Vivo, into Endocrine Cells 

These comments will be transmitted to the authors. Do not indicate your judgement about 
acceptability for publication. ' 

Comments to be addressed by the investigators: 

Jitift 20 page 2. Based on these early studies on these cell cultures, the authors should choose 
to make a less strong statement in the abstract For example; (NIPs) are a distinct population of cells 
that maybe responsible far. 

Antisexa page 6 Authors should mention that the rabbit- anti-nestin antiserum does not 
recognize the human form in immunocytochemistry or mention this as data not show in the results. 

Fig. IB upper panel: Reviewer 2 commented on the lack of ethidium bromide band in his first 
review. To clarify this, perhaps the authors should show the original ethidium bromide image for 
the upper right panel and not the reverse image or vice veisa. listing in the legend the exposure 
time for the southern blots would also mate this figure more clear to the reader, as th$ very weak 
upper right panel band has a very strong southern blot signal. 

Page 12, Pig 3. This is still the weakest point in the paper and the most important far 
diabetes. The fact that insulin, glucagon and GLP-1 are detectable by RIA is evidence that hormone 
production is occurring but I would bo much more convinced by seeing an immunostaining to give 
us an understanding of how many cells become endocrine under these culture conditions. The PCR 
data for markers NCAM, Cytokeratin 19, proglucagon are nice but since the cells are clearly not 
100% clonal (Fig2A2- not all cells stain for nestin), it would be nice to understand which cells are 
turning off nestin and turning on IDX-1 and insulin and glucagon. Did imnmnostainiags for insulin 
and glucagon fail to work? If you cannot detect immunoreactive cells by these methods, how do 
you interpret this? Are no cells cultured now that could be imunnostained? 



Figure 3 Legend.. Remove the B in line 4 that refers to the middle panel of A, as this is confusing; 
with reference to the real panel B appearing two lines below. 
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This is a second review of a MS byj Zulewaki et al. I continue to believe that the data do not 
support the conclusions^ 
To improve the MS, the authors 1 

1. the cells shown in B in F 
stain negative for Pdxl and negate < 

2. that the ILC shown in H 
staining remains quite bad), and p< ! 



to show that; 

g. 2, after 2 days in culture stain all positive for Nestin, 
e for insulin. 

3A stain clearly positive for Pdxl (the quality of the 
sitive of insulin. 



In that case, the paper will be i 
proof. 



exce lent. Otherwise, it remains an interesting concept without 



I do not think that conclusions 
meaning of the concentrations of 
obscure if not compared to other 



canl be drawn without quantitative data. For example, the 
ormones measured is the culture medium of ILC remains 
qme points. What is the content of insulin in ILC? 
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6 November, 2000 

Joel F. Habener, MD 
Massachusetts General Hospital 
Laboratory of Molecular Endocrinology 
55 Fruit St.-WEL320 
Boston, MA 02114 

Re: MS#D00-O48 

Dear Dr. Habener: 

Thank you for submitting the third revision of your manuscript entitled "Multipotential 
Nestin-Positive Stem- Cells Isolated from Adult Pancratic Islets Differentiate, ex vivo, into 
Pancreatic Endocrine, Exocrine and Hepatic Phenotypes It has been examined by the two 
original reviewers and by the editors. We would like to accept your very interesting paper for 
publication in Diabetes^ but both reviewers have some remaining concerns. Please make 
whatever additional changes you can to strengthen the paper, and return it to me as soon as 
possible. I do not intend to send the manuscript back to either of the reviewers, but will 
review your response and the revisions myself. 

As before, when you resubmit your manuscript, please send four copies of the revised 
manuscript with the figures, along with four copies of your specific responses to each of the 
points raised. Also, please include a 3.5-inch diskette labeled with the author's name, 
manuscript title and number, and the software and hardware used. 

We look forward to receiving your revised manuscript. 



Sincerely, 




Gordon C. Weir, MD 
Editor 



Cil fl t)^ ^ Comments to Authors 

Rc: MS #D00 -048RRR (revised) M \( h f)0O 
Reviewer #1 M /IP I ^ 

Title: Multipotential Nestin-Positive Stem- Cells Isolated from Adult Pancratic Islets 
Differentiate, ex vivo, into Pancreatic Endocrine, Exocrine and Hepatic Phenotypes 

These comments will be transmitted to the authors. Do not indicate your judgement about 
acceptability for publication. i n 

This is the third review of the manuscript by Zulewski et al. Several problems still exist and need to 
be addressed. 

Specific Comments: 

Page 12, line 20. It is misleading in Fig 2b that it states a time course of images taken every 24 
hours for 18 days when depicted in the figure is only 6 time points. This should be clarified. 

Figure 2. This new figure, which was added to the older version of Figure 2, needs to be changed. 
The quality of the images is quite poor. The insulin image shows nothing at all. You cannot make 
out anything. The lower panel IDX-1 image should be deleted. In the text it is stated starting on 
page 13, line 5, ".a small subpopulation of subcloned cells expressing the pancreas specific (also not 
really a correct term as IDX-1 is also expressed in the duodenum and endocrine cells of the 
stomach) homeodomain protein IDX-1, possibly reflecting early stages of the differentiation 
process, however the majority of the cells did not stain for IDX-r. This text refers direcdy to this 
image, which is blurry and shows no stained cells. 

Page 14 , line 10. The word human should be insert before NIP cultures. 

Figure 3. The image in B (Upper panel) is much improved over the previous images submitted and 
the higher magnification insert helps greatly to observe the nuclear staining. I am a little surprised 
that there is such a weak PCR signal after 35 cycles if this is a representative image and perhaps 5% 
of the cells express the IDX-1. I think that the middle and lower panels of this figure need to be 
removed. The middle panel is suppose to show to immunopositive nuclei after treatment with bFGF 
and EGF then A A and HGF, but the authors don't state anything about what effect this had. Did this 
increase IDX-1 positive cells? It seems to be what they would like to infer but the image in the 
middle panel shows nothing conclusive. All one can see is a blurry swirl with perhaps some bright 
spots. It is quite common to see bright spots that do not correspond to cells when using Cy3 
conjugated, secondary antiserum, as the dye can aggregate and is very bright. The lower panel adds 
nothing and is a poor quality image. It can be stated that there was not staining in the control 
without primary antiserum, without showing this poor image. 

Figure legend 3 line 8. The words "after treatment with" should be inserted before bFGF. 

Table l. The legend needs to be clarified. For example, the values 133. and 79 for insulin. Do these 
values come from a single well of cells (N=l) or from 3 wells that yield one value.. If' it is only 
measurement for each, it should be stated so. Also, the paper mentions on page 14, line 21 that 



exendin 4 was used and this is not stated in the legend. The data in the tabic seem quite 
preliminary. 

Figure 4c. It is quite difficult to determine if the values used in the graph (which should have error 
bats unless it is an n=l, nevertheless, the N value should be stated in the legend) correspond to the 
values in the table. In the text on page 14 .line 21 , the authors refer to table 1 and Fig 4c for the 
same treatments but it seems that different numbers are used for the graph and the table. Dish 1 
might represent the average of the values for 88-90 days in culture. 321 + 1 50 gives a value close to 
what is graphed for dish 1. As for the dish 2 values it might appear this is the 2 od value (66) from 
the 85-87 days in culture. This really needs to be clarified 

Table 2. The title of the paper suggest that nestin expressing cells can differentiate towards 
hepatocytes and exocrine cells as well as pancreatic endocrine cells, but the only data provided in 
support of this is a table that shows no data. It takes nearly as much space in a paper to show a table 
listing genes as it does to show the PCR bands. If the authors have the data for this they must show 
it. It is the only evidence supporting that the cells can do what they say. 

Page 15, last line. Authors should insert "data not shown" after exocrine acinar tissue, as this is not 
shown in the figure with which they refer to. 
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Reviewer #2 IH If 

Title: Multipotential Ncstin-Positive Stem- Cells Isolated from Adult Pancratic Islets 
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These comments willk transmitted to the authors. Do not indicate your judgement about 
acceptability for publication, 



This is a third review of a MS by Zulewski et al. 

The positive point is that Nestin potentially clearly labels n new cell type in the pancreas. Fig. 
2 panel C (Nestin staining) is now clear. 

Moreover, indirect evidence suggest that Nestin is a marker of precursor cells. 
Bused on what I understand, it is very difficult (or impossible) to demonstrate by 
immunohistochemistry thai the nesiin-expressing cells can differentiate into insulin- 
containing cells. 

Minor comments. 

Abstract, line 2: proliferation has to be added. 
Page 4: line 17: IDX-1 seems to be a secreted factor. 
Page 19, top: reference 34 and not 28. 
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15 November, 2000 

Joel F. Habener MD 
Massachusetts General Hospital 
Laboratory of Molecular Endocrinology 
55 Fruit St.-WEL320 
Boston, MA 02114 

Re: MS# D00 -048 

Dear Dr. Habener 

I am pleased to inform you that your revised manuscript entitled "Multipotential Nestin- 
Posuive Stem-Cells Isolated from Adult Pancratic Islets Differentiate, ex vivo, into Pancreatic 
Endocrine, Exocrine and Hepatic Phenotypes M has been reviewed and found acceptable for 
publication in Diabetes. 

If you need to discuss changes made during copyediting or to ask about journal style, you 
may contact Christian Kohler, Assistant Managing Editor, at: American Diabetes Association, 
1701 North Beauregard Street, Alexandria, Virginia 22311 (phone: 703/299-2083; fax: 
703/683-2890; email: ckohler@diabetes.org). 

We thank you for submitting your interesting work to Diabetes and look forward to receiving 
additional manuscripts from you. In addition, wc hope that you will help us to maintain the 
high standards of Diabetes by continuing to serve as a reviewer when we call upon you in the 
future. 



Sincerely, 



Gordon C. Weir.MD 
Editor 
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Congratulations on having your manuscript accepted for publication in Diabetes. 



Listed below are the names of people who can help you with questions about your manuscript: 



To inquire about the availability of page proofs: 

Christian Kohler, Assistant Managing Editor 
phone: (703)299-2083 
fax: (703)683-2890 
email: ckohler@diabetes.org 



To inquire about reprints and billing of page charges: 
Teresa Evemgam, Cadmus Journal Services 

phone: (800) 407-9 190 ext 299; if calling from outside the U.S.: (410)819-3914 

fax: (410)820-9765 

email: everagamt@cadmus.com 



To discuss journal procedures or any other matter pertaining to Diabetes: 
Aime Ballard, Managing Editor 
phone: (703)299-2088 
fax: (703)683-2890 
email: aballard@diabetes.org 
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Fax message for 

Joel F Habener M.D. 
Laboratory of Molecular Endocrinology 
Massachusetts General Hospital 
Harvard Medical School 
Boston, MA 02114 
Fax. 617 -726 6954 



Hi Joel, 

please find enclosed my brief femarks concerning the. galley proofs. 

1. Authors: 

• All authors (perhaps except Mario) should be identified first with the suffix « 1 » for the 
Laboratory of Molecular Endocrinology, and than followed by other numbers indicating 
the actual affiliation. 

• Elisabeth is a co-author with equal contribution. This should be marked too with another 
sign like «#». 

2. Proposition for a short running title 

• Moltipotential Stem Cells in Pancreatic Islets 

3. Query H : So far as I recall DPC stands for Diagnostic Products Corporation, Los Angeles, 
CA 

Otherwise, it's a great paper and it's a great feeling to see in this format ! 




privi 

Avenue de la Grenade 19 
CH- 1207 Gciicvc 
Tel. 022 -7S6 7162 
Email ; ZuIcwski@excitexom 



DIABETES 



Page 1 of 2 



THIS IS YOUR REPRINT ORDER FORM AND PRO FORMA INVOICE FOR 

PUBLICATION FEES 
(Please keep a copy of thb document for your records.) 



Reprint order forms and purchase orders or prepayments must be received 2 weeks 
before publication cither by mail or by fax at 4 1 0-820-9765. Please fax 
Cadmus Reprints at 410-820-9765 by this date if your article contains color and 

you wish to order reprints. 



AuthorNamc Henryk Zulewski 

Title of Article Mn It i potential n e fltin-PQsitivft stem cells isolated from adult*. 

Issue of Journal Marrh ?nm Manuscript # 5fl?^79 ^^S^Pf^^ 

Number of Page s i -3 



Color in Article7 Qfesp / No (Please Circle) 
Please include the Journal name arid reprint number or manuscript number on your purchase order or other correspondence. 



200 



$ 920,00 



Reprint Costs 
Number of reprints ordered 
Color in reprints: $70 per 100 copies up to 
500 copies - S 140.00 

Number of covers ordered $ 

Taxes (Virginia. Washington, DC or Canadian) S 

(Add 4J% VA or 5.75% Washington, DC sales tax or 7% Canadian GST 
to the cost of reprints if your order is to be shipped to these locations.) 
Add $30 for each adtfl ship location $ 



Shipping Address (cannot ship to P.O. Boxes) 
Name Joel . F . Habener , MD 

Dept 
Street 
City 

Country USA 



Lab ot Molec Endo, yc iff 
55 Fruit Street , wel 



Boston 



State MA 



306 
Zip OnU 



Quantity2M. 



Phone: Dav ftl 7 . 79fi -519 Bvening 



Fax 617.726,6954 



Publication Fees 

Page charges (see back) $ 975.00 

Number of color figures 2 

Color charges: $630 for each color fig. $ 1260.00 

Total Amount Due S 3295.00 

(Reprint Cost & Publication Fees) 

Ordering Details 
Invoice Address 

Name 

Institution Howard Hugftes raeaicai msTi tute 
Department Accounts Payable 

4000 Jones Bridge RoaT 



Zip. 



Street 
City 
Country 
Phone 

E-mail Addr Vi»t-tH gaflhhmi -org 



Additional Shipping Address* % 

Name • 

Dept 

Street ____ * 

City State 

Country , 

Quantity Fax 

Phone: Day Evening 

♦ Add $30 for each additional shipping addxess 



Credit Card Payment Details 

Credit Card: VISA Am. Exp. MasteiCard 

Card Number ' 

Expiration Date m 

Signature ^ 



Chew 
USA 



Chase State MP Zip 20815-67 8 9 



™i ^15.8501 Fax 301.215*8525 



Purchase Order No, 009N000878 



ITIS THE POLICY OF CADMUS REPRINTS TO ISSUE 
ONE INVOICE PER ORDER 



Please send your order form and purchase order or 
prepayment made payable to: . 

Cadmus Reprints 
P.O. Box 751903 
Charlotte, NC 28275-1903 



Enclosed: Personal Check 



Institutional Purchase Order 



Checks must be paid in U.S. d9liars and drawn on a U.S. Bank. Credit Cards are processed by Cadmus 



Credit Card Payment Details a 



Signature /^(a^e+WL. <~ Date [ I ' * (~ r . — : 

Signature is required. By signing this form, the author agrees to accept the responsibility for the payment of reprints and/or all 
charges described in this document 



48 



1/17/01 3:09 PH 

(Close) 
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In vitro cultivation of human islets from expanded 
ductal tissue 

Susan Bonner-Weir*, Monica Taneja, Gordon C. Weir, Krystyna Tatarkiewicz, Ki-Ho Song, Arun Sharma, 
and John J. O'Neil 

Joslin Diabetes Center, Department of Medicine, Harvard Medical School, Boston, MA 02215 

Communicated by Paul E. Lacy, Washington University School of Medicine, St. Louis, MO, May 3, 2000 (received for review March 31, 2000) 



A major obstacle to successful islet transplantation for both type 
1 and 2 diabetes is an inadequate supply of insulin-producing 
tissue. This need for transplantable human islets has stimulated 
efforts to expand existing pancreatic islets and/or grow new 
ones. To test the hypothesis that human adult duct tissue could 
be expanded and differentiated in vitro to form islet cells, 
digested pancreatic tissue that is normally discarded from eight 
human islet isolations was cultured under conditions that al- 
lowed expansion of the ductal cells as a monolayer whereupon 
the cells were overlaid with a thin layer of Matrigel. With this 
manipulation, the monolayer of epithelial cells formed three- 
dimensional structures of ductal cysts from which 50-to 150-ixm 
diameter islet-like clusters of pancreatic endocrine cells budded. 
Over 3-4 weeks culture the insulin content per flask increased 
10- to 15-fold as the DNA content increased up to 7-fold. 
The cultivated human islet buds were shown by immunofluo- 
rescence to consist of cytokeratin 19-positive duct cells and 
hormone-positive islet cells. Double staining of insulin and 
non-0 cell hormones in occasional cells indicated immature cells 
still in the process of differentiation. Insulin secretion studies 
were done over 24 h in culture. Compared with their basal 
secretion at 5 mM glucose, cysts/cultivated human islet buds 
exposed to stimulatory 20 mM glucose had a 2.3-fold increase in 
secreted insulin. Thus, duct tissue from human pancreas can be 
expanded in culture and then be directed to differentiate into 
glucose responsive islet tissue in vitro. This approach may 
provide a potential new source of pancreatic islet cells for 
transplantation. 

One of the main obstacles to successful islet transplantation 
for both type 1 and 2 diabetes is the limitation of available 
insulin-producing tissue (1). Only about 3,000 cadaver pancre- 
ases become available in the U.S. each year while about 35,000 
new cases of type 1 diabetes are diagnosed each year (2) This lack 
of tissue has given a high priority to efforts to stimulate the 
growth of new pancreatic islet tissue. Most studies have shown 
there is limited in vitro growth of adult islet cells of any species 
(3), but several recent reports have found cell proliferation using 
cultures of adult human islet preparations with extracellular 
matrix and growth factors (4-8) but these have been associated 
with loss of insulin production. 

From studies on rat pancreatic regeneration (9, 10) we were 
impressed with the capacity of adult pancreatic duct cells to 
both expand and differentiate. These data led to the hypothesis 
(10, 11) that adult duct cells have the potential to lose their 
specific duct phenotype with rapid proliferation, reverting to 
multiipotent cells that then can differentiate into islet cells 
with the appropriate external stimuli. The potential of extra- 
cellular matrix as such an external stimulus has been suggested 
for other cell types (12). Extracellular matrix, in particular 
laminin, was shown to induce j3-casein expression in cultured 
mammary duct cells (13). Additionally, an overlay of Matrigel, 
an extracellular matrix preparation, induced the expression of 
liver-specific genes in clonally expanded hepatocytes (14). 
Herein we show expansion of human ductal tissue in vitro and 
its subsequent differentiation to islet cells after being overlaid 



with Matrigel. Over 3-4 weeks culture there was a significant 
increase in insulin as well as formation of islet-like structures 
that we have called cultivated human islet buds (CHIBs). 

Materials and Methods 

Initial Tissue and Culture Conditions. Human islet isolations were 
performed in the Islet Core Laboratory of the Juvenile 
Diabetes Foundation Center for Islet Transplantation at Har- 
vard Medical School using the method of Ricordi and cowork- 
ers (15). After purification on a Ficoll gradient, the top 
interface (1.062/1.096 densities) was 50-95% islet with vary- 
ing amounts of duct and degranulated acinar tissue, the middle 
interface (1.096/1.11 densities) contained 1-15% islets, duct, 
and degranulated acini, and the pellet was mostly well gran- 
ulated acinar tissue with less than 1% islets. In the top and 
middle layers there were sheets of ductal epithelium from 
larger ducts whereas the clumps of exocrine cells found in all 
layers consisted of small intercalated ducts continuing into the 
acini. From eight collagenase (Liberase, Roche) digested 
pancreases (donor age 27-59 years), tissue from these layers 
was cultured in 50 ml of CMRL 1066 (5.6 mM glucose) media 
plus 10% FBS in Falcon nontreated T-75 flasks (#3012 Becton 
Dickinson) at 37°C, 5% C0 2 . At 1-4 days the nonadherent 
tissue (both viable and dead) was removed with a media 
change, and the adherent, or residual, cells were expanded for 
up to 1 week with additional media changes every 2-3 days. At 
about 1 week, when most, if not all, adherent cells were in 
monolayer, the media was changed to 20 ml of serum-free 
DMEM/F12 (8 mM glucose) medium with 1 g/liter ITS 
supplement (5 mg/liter insulin + 5 mg/liter transferrin + 5 
mg/liter selenium, Sigma), 100 units/ml penicillin, 100 /xg/ml 
streptomycin, 2 g/liter BSA, 10 mM nicotinamide, and kera- 
tinocyte growth factor (KGF)(10 ng/ml, Roche). We previ- 
ously had found that DMEM/F12 (8 mM glucose, plus nico- 
tinamide) facilitated growth of rat and pig duct cells in vitro. 
KGF has been reported to be a duct mitogen (16), and we 
previously had found it to stimulate ductal proliferation in vitro 
without evident changes in cell phenotype. These cells then 
were grown for about 1-2 weeks until reaching near conflu- 
ence or forming substantial plaques of epithelial cells. The 
cells then were layered with Matrigel, a commercial prepara- 
tion of murine basement membrane (Collaborative Research- 
Becton Dickinson) as per instructions of supplier for thin layer 
gel with the exception of an increased gelling time at 37°C. 
Briefly, the cells were coated with 50 /xl Matrigel per cm 2 and 
allowed to gel overnight before additional media was added. 
Cell samples were taken at different time points over the 
course of 6 weeks. Dithizone (diphenylthiocarbozone), which 
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stains insulin-containing cells bright red, was used to assess 
quickly the presence of insulin-producing cells. 

Tissue Fixation and Immunochemistry. Monolayer cultures were 
fixed for 30 rnin in either 4% (para) formaldehyde (PFA) in 0.1 
M phosphate buffer or in Bouin's solution, and then rinsed in the 
phosphate buffer. Three-dimensional structures (cysts) that 
formed from these monolayers were harvested by mechanical 
shearing with a stream of media. Harvested cysts were fixed in 
PFA for 60 min, enrobed in 2% agar to keep the pellet together 
through processing and embedding, immersed in the same 
fixative for another 90 min, washed, and stored in 0.1 M 
phosphate buffer until routine embedding in paraffin; sections of 
these were used for immunostaining. Other cysts were fixed in 
2.5% glutaraldehyde/0.1 M phosphate buffer for 2 h, washed, 
and stored in phosphate buffer until being embedded in plastic 
resin (Araldite, E. F. Fullam, Lanthan, NY) for semithin (1 jbtm) 
sections or ultrathin sections for ultrastructural analysis. 

Double immunofluorescent staining were done sequentially 
by using primary antibodies made in different species: Guinea 
pig anti-human insulin (1:200, Linco Research Immunoassay, St. 
Charles, MO), rabbit anti-bovine glucagon (1:2,000, kindly do- 
nated by M. Appel, University of Massachusetts Medical School, 
Worcester) and rabbit anti-bovine pancreatic polypeptide 
(1:3,000, gift of R. E. Chance, Eli Lilly, Indianapolis, IN), rabbit 
antisynthetic somatostatin (1:300, made in our own laboratory), 
a mixture of the latter three antibodies (anti-glucagon, -soma- 
tostatin, and -pancreatic polypeptide) for identifying the non-)3 
islet cells (17); monoclonal mouse anti-human cytokeratin 19 
(CK 19) antibody (1: 100, Dako) (18)or rabbit pancytokeratin (1: 
100, Dako); IDX-1 antibody (Hm-253, dilution 1:500 from J. 
Habener, Massachusetts General Hospital, Boston) (19). The 
conjugated secondary antibodies used for immunofluorescence 
were Texas red-conjugated donkey anti-guinea pig IgG, FITC- 
conjugated donkey anti-rabbit IgG and streptavidin-conjugated 
FITC (1:100 dilution for all, Jackson ImmunoResearch). Bio- 
tinylated horse anti-mouse IgG and normal horse serum were 
purchased from Vector Laboratories. For cytokeratin and 
IDX-1 staining of sectioned tissue, antigens were retrieved by 
microwaving in citrate buffer (three times of 4 min each with the 
maximum strength of a domestic microwave) (20). Monolayer 
cultures were incubated for 10-20 min in 0.3% Triton X-100 
(Fisher) with 1% lamb serum (GIBCO/BRL) before primary 
antibody incubation. 

Insulin and DNA Content. Harvested cysts or cells removed from 
flasks by treatment trypsin/EDTA (IX trypsin-EDTA solution, 
Cellgro, Mediatech Laboratories, Cody, NY; 10-15 min at 37°C) 
were brought up to 1 ml high-salt buffer (2.15 M NaCl/0.1 M 
NaH 2 PO 4 /0.04 M NaHP0 4 /EDTA, pH 7.4) and then were 
sonicated three times, 10 sec each at 4-6 W and then stored at 
-20°C until assayed. Insulin was measured by using a RIA kit for 
human insulin from Linco. DNA content was measured flu- 
orometerically by using Hoechst 33258 dye as described by dyna 
quant (Hoefer). 

RNA Extraction and Analysis. Total RNA from samples was ex- 
tracted following manufacturer-suggested protocols using Ul- 
traspec (Biotecx Laboratories, Houston). cDNA synthesis was 
performed as described (19). PCR was carried out in 50-jil 
reactions using 3 yA of the diluted cDNA reaction product 
(corresponding to 20 ng RNA equivalent) as template mixed 
with 47 /xl of PCR mix [lx Taq buffer (Promega), 1.5 mM MgCl 2 
(Promega), 10 pm of each insulin primers (forwards and back- 
wards) (Genosys, The Woodlands, TX), 4 /xl of 4:6 ratio of 18S 
primers/competimers (Classic 18S Internal Standards, Ambion, 
Austin TX), 80 yM cold dNTPs (GIBCO/BRL), 5 units Am- 
pliTaq Gold DNA polymerase (Perkin-Elmer), and 2.5 jxCi 



[a- 32 P]dCTP (New England Nuclear)]. Reverse transcription- 
PCR (RT-PCR) for insulin with 18S ribosomal subunit as 
internal control was run on the samples. Primers were as follows: 
human insulin 5'-TCA CAC CTG GTG GAA GCTC; human 
insulin 3'-ACA ATG CCA CGC TTC TGC (which yield a 
179-bp PCR product); and for internal control 18S primers: 
competimers [Classic 18S Internal Standards (which yield a 
488-bp PCR product)]. The thermal cycling protocol began with 
a denaturing step of 97°C for 10 min, then 19 cycles of 94°C 1 min, 
55°C 1 min, 72°C 1 min, and finished with 72°C for 10 min. For 
human glucagon 5'-ATG AAC GAG GAC AAG CGC; 3'-TTC 
ACC AGC CA A GCA ATG (which yields a 236-bp product) and 
human cyclophilin 5'-CCC ACC GTG TTC TTC GAC, 3'-ATC 
TTC TGC TGG TCT TGCC were used. The reaction volume 
differed from that above in that 7.5 pmol of each glucagon 
primer and 25 pmol of each cyclophilin primer were used; the 
thermal cycle profile was the same except that 23 cycles were 
used and the annealing temperature was 59°C. Screens were 
scanned by using a Molecular Dynamics Storm Phosphorlmager 
and reaction products were quantitated with imagequant soft- 
ware (Molecular Dynamics). Results are calculated as a per- 
centage of internal standard and presented as mean ± SEM. 
Reaction conditions were standardized so as to observe linear 
amplification of PCR products (for both insulin and ribosomal 
18S, glucagon and cyclophilin) for different amounts of cDNA 
(10-50 ng RNA equivalent) and cycle numbers (18-32 cycles). 
Graded dilutions (1-20%) of a human islet preparation (H99- 
22, 90% islet purity, 676 ng insulin//wg DNA) were run to 
establish a standard curve of insulin mRNA to 18 S mRNA and 
of glucagon mRNA to cyclophilin mRNA. By including two 
samples from this curve as standards in any other RT-PCR 
experiment, an estimate of the % islet for a sample could be 
made. 

Insulin Secretion. Three-dimensional structures (cysts/CHIBs) 
from 1-2 flasks of tissue from pancreas 19, 24, and 25 were 
harvested at 3-5 weeks culture and washed three times in RPMI 
(5 mM glucose, 10 mM Hepes, pencillin/streptomycin, 5% FBS). 
From each flask, 12 aliquots of 40 cysts/CHIBs were incubated 
in 1.5 ml of the same media in 12-well plates for 4 h at 37°C, the 
media were removed for measurement of preincubation insulin 
levels, and fresh media were added for a 24-h incubation. After 
this 24 h period, media were again removed and measured for 
basal insulin secretion, and fresh media with either 5 mM or 20 
mM glucose were added. At the end of this second 24-h 
incubation, the final media were removed for measurement with 
a human insulin RIA kit (Linco). 

Results 

To promote the attachment of duct cells rather than islet cells, 
nonsticky culture flasks were used; these flasks have been used 
to maintain islets in suspension. With pure islet preparations 
obtained from the top layer of the density gradient, little tissue 
became adherent even with 7 days culture. It was noted, however, 
that clumps of non islet tissue obtained from the top, middle, or 
pellet layers can adhere to this nonsticky surface starting at about 
24 h. It was mainly in the less pure islet preparations that there 
were adherent cell clumps within 2-4 days. Although there was 
considerable loss of floating tissue as has been reported for 
pancreatic acinar tissue in culture (21, 22), the quantity of cell 
clumps that adhered increased with time. If the nonadherent 
clumps were removed when the adherent density reached an 
empirically determined level (covering about 10% of surface), 
the adherent cells had little to no dithizone staining and included 
few fibroblasts. Initial samples for insulin and DNA contents 
were taken at the removal of nonadherent tissue and before the 
clumps flattened into monolayers. The adherent tissue was only 
2.5-24% of the original DNA and 2.5-11% of the original insulin 
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Table 1. Insulin and DNA content of 75-cm 2 flask containing cultured human ductal cells 





Original aliquot, 
50 ml 


Initial 
adherent 


2 wk 


3 wk 


4 wk 


H99-13 (top + middle, 58% islet) 












Insulin, ng 


3,200 


78.4 


— 


888 


— 


DNA, ^9 


160 


3.8 


— 


22.1 


— 


l/DNA, ng//i,g 


20 


20.5 


— 


40.2 


— 


H99-1 9 (middle, 5% islet) 












Insulin, ng 


na 


/U.O 


1 IS 


344 


863 


DNA, /xg 


nd 


30.7 


39.8 


29.8 


41 


l/DNA, ng/jtg 




2.3 


3.1 


11.5 


21.1 


H99-20 (middle, <5% islet) 












Insulin, ng 


1,600 


174 




1,788 


2,564 


DNA, Atg 


250 


60 




42.9 


46.8 


l/DNA, ng//xg 


6.4 


2.9 




41.2 


54.8 



At 2-4 days after islet isolation the majority of the tissue aliquot originally placed into the culture flask was 
removed, leaving only the tissue adhering to the nontreated surface. Much of the original tissue died as would 
be expected for acinar tissue. The cell clumps spread to form monolayers; at 2-3 weeks, these monolayers were 
coated with a thin Matrigel layer nd. Not determined. 



content (Table 1), However, if the nonadherent tissue remained 
longer in the cultures, both the amount of adherent islet tissue 
(dithizone positive) and fibroblasts increased (data not shown). 
With additional time, cells grew from the adherent clumps and 
formed monolayer plaques of cells with clear epithelial mor- 
phology (Fig. 1). 

Once the clumps had attached and formed monolayers, the 
media were changed to serum-free media with added keratin- 
ocyte growth factor to favor stimulation of ductal epithelial 
growth over that of fibroblasts. Over the next 5-10 days the 
plaques of epithelial cells became nearly confluent. Most of 
these cells were immunopositive for cytokeratin (results using 
anti-cytokeratin 19andanti-pan-cytokeratinwere identical), and 
varying numbers were also islet promoter factor-1 (IPF-1) 
(PDX-l/IDX-l/STF-1) positive (Fig. 1). The occasional insulin- 
positive |3 cells had strong IPF-1 nuclear staining. In addition, 
many duct cells expressed this transcription factor, both in the 
nucleus and in the cytoplasm. Scattered cells, both singly and in 
patches, had cytoplasmic IPF-1 staining with little nuclear 
staining and again no insulin staining. The large, cytokeratin 
positive cells in cobblestone patterns are characteristic of pan- 
creatic ductal epithelium. Islets that were included flattened into 
clusters of small epithelial cells without cytokeratin 19 staining. 



At the stage of 75-90% confluency, the cultured cells were 
overlaid with the matrix. 

During the first 1-2 weeks with Matrigel, there was movement 
of the epithelial cells into three-dimensional cystic structures, 
ranging from 50 to 400 u,m in diameter, which often had multiple 
buds of dithizone-positive cells (Fig. 2). These structures, termed 
CHIBs, were observed in cultures from all layers and all eight 
pancreases. The frequency of cysts/CHIBs appeared to depend 
more on the extent of epithelial confluency than on the layer or 
pancreas of origin. Control flasks without the matrix overlay 
produced few, if any, cystic structures but in some preparations 
some solid spheres formed from the monolayer. 

There was significant increase of both the cultured tissue and 
its insulin content during the 3-6 weeks culture (last 2-3 weeks 
with Matrigel). Data from the three pancreas from which 
samples of the full content of 75-cm 2 flasks were taken initially 
and at several intermediate time points are shown in Table 1. The 
insulin/DNA ratio of the starting adherent material (8.2 ± 4.2 
ng insulin/jig DNA) was 1-2% that of the islet preparations 
whether using the mean values from the four purest human islet 
preparations (top layers) to date (90 ± 2% islet purity, 920 ±170 
ng insulin/u>g DNA) or of the purified islets (top layers) from 
four pancreases of Table 2 (75 ± 4% islet purity, 380 ± 130 ng 
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Fig. 1. (A) The adherent cells are primarily epithelial cells, immunostained for pan -cytokeratin (FITC green); staining for pan-cytokeratin and cytokeratin 19 
were similar. Insulin-positive cells (Texas red) are scattered and infrequent. (B and O Double staining of insulin (red) and transcription factor IPF-1 (FITC, green). 
Besides insulin-producing 0 cells, many duct cells express this transcription factor, both in the nucleus and in the cytoplasm. In B a number of cells express IPF-1 
in the nucleus and/or cytoplasm without insulin staining; the field has the same density of cells as A. In addition, as in C, scattered clumps of cells had cytoplasmic 
IPF-1 staining with little nuclear staining and no insulin staining. Both A and B are 7-day cultured tissue of pancreas H99-12 pellet, whereas C is 7-day cultured 
tissue of pancreas H99-10 middle layer. (Magnification bars = 50 ^m.) 
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Fig. 2. (A) After ducts were overlaid with matrix, three-dimensional struc- 
tures of ductal cysts with protruding buds of islet tissue (CHIBs) were observed 
rising from the monolayer lawn of cells. (S and O There are variable numbers 
of dithizone-stained 0 cells in these harvested cycts/CHIBs; many of the 
structures are solely cysts whereas other have 50- to 1 SO-^m islet buds. (D) The 
structure of budding islet cells from a cyst is seen in this toluidine blue 1-jim 
section. (Magnification bar = 500 /im in B, 100 /j.m in C, and 50 /im in D.) 



insulin/jig DNA). Over the 3-4 weeks culture period the 
insulin/DNA ratio per flask increased, but more importantly the 
insulin content per flask increased 10- to 15-fold whereas the 
DNA content increased 0.8- to 7-fold. In contrast, the cultured 
tissue from the pellet layers showed increases in insulin/DNA 
ratios but had no increase in insulin and considerable loss of 
DNA (starting: 63 ± 52 ng insulin, 64.7 ± 13.6 mg DNA n - 3, 
3-4 wk: 50 ± 10 ng insulin, 24.4 ± 4.2 mg DNA, n = 3). However, 
dithizone-positive CHIBs were formed from these cultures of 
pellet tissue. 

After 2 weeks of matrix overlay, cysts/CHIBs would lift off 
with the mild agitation of media changes. Others were harvested 
at the end of the experiment by mechanical shearing with a 
forceful stream of media. However, this harvesting was impre- 
cise, leaving some CHIBs still attached and lifting off some of the 
simple ductal cysts as well as some of the remaining monolayer 
or "lawn." As shown in Table 2, the cysts/CHIBs were enriched 
in insulin. There was considerable variation in this enrichment 
with various batches of cysts/CHIBs even from the same pan- 
creas and the same time period, partly because of the imprecision 
of shearing. 



Table 2. Enrichment of insulin content in cysts/CHIBs 



Tissue origin 


Insulin/DNA (ng/pig), 
individual samples 


Insulin/DNA (ng/^g), 
mean ± SEM 


H99-08 Top 


852, 333, 249, 327 


440 ± 139 


H99-10 Top 


48, 66 


57 


H99-12 Top 


149, 61, 149 


120 ±29 


H99-13 Top + middle 


178, 218, 68 


154 ±45 


H99-19 Middle 


46, 110 


78 


H99-20 Middle 


110, 152, 94, 27, 74 


91 ±21 



Starting at 1 0 days after Matriget, some cysts/CHIBs could be collected after 
becoming dislodged during media changes. Other samples were harvested at 
the end of an experiment by mechanical shearing. The time of culture for the 
cysts/CHIB samples was between 5 and 6 weeks (range 27 to 65 days) after 
isolation, 2-3 weeks after Matrigel (range 10 to 41 days). 



Demonstration that the insulin was produced by the tissue and 
not just adsorbed from the media was confirmed by three 
approaches: dithizone staining, immunofluorescent staining of 
the cysts/CHIBs, and semiquantitative RT-PCR for insulin. The 
CHIBs were composed of cytokeratin 19-positive duct cells and 
hormone-positive islet cells (Fig. 3). As even suggested by the 
dithizone-stained samples (as shown already in Fig. 2), the 
proportion of endocrine tissue in the cysts/CHIBs varied among 
the different pancreas; many were simple ductal cysts whereas 
others were cysts with multiple islet buds. The non-/3 endocrine 
cells were often equal in proportion to the )3 cells (Fig. 3 B-D). 
A few cells with double staining for insulin and the non-/3 cell 
hormones suggested that some endocrine cells were immature 
and still in the process of differentiation. Many of the cells within 
CHIBs had clearly differentiated phenotypes by ultrastructural 
analysis; both endocrine and mature duct cells were identifiable; 
however, some cells that had left the ductal epithelium were not 
granulated (Fig. 4). 

The analysis of mRNA by RT-PCR initially showed very low 
levels of insulin mRNA in the starting material but increases 
were found as CHIBs developed. Using the standard curve of 
insulin mRNA/18S mRNA for different dilutions of purified 
islets, the initial insulin mRNA levels were the equivalent of 
0.9 ± 0.4% islet (n = 6, all middle layers) whereas, from pancreas 
H99-20, 5.9% islet at 4 weeks and 5.0% islet in cysts/CHIBs. 
Similarly, glucagon mRNA levels increased from the initial 
adherent tissue being equivalent of 1.3 ± 0.7% islet and har- 
vested CHIBs being 14.1 ± 7.2% islet and remaining lawn 4.8 ± 
0.8% islet (n = 3). 

Studies were performed to determine whether the new )3 cells 
in these CHIBs could secrete insulin in response to glucose. To 
address this question, insulin secretion was studied over sequen- 
tial and parallel 24-h time periods (Fig. 5) in tissue from three 
pancreases. The data from each pancreas were qualitatively the 
same. There were no differences in insulin concentration in the 
basal samples at 5 mM glucose for either the first or second 24-h 
period (pancreas 19: first, 1.8 ± 0.1 ng/ml, n = 24 replicates; 
second, 1.8 ± 0.1 ng/ml, n = 12 replicates). However, in those 
samples exposed to a stimulatory 20 mM glucose during the 
second 24-h period, there was a 2.4-fold increase in insulin 
(pancreas 19: 4.3 ± 0.5 ng/ml, n — 12 replicates), demonstrating 
the glucose responsiveness of the CHIBs. 

Discussion 

We have been able to expand human duct tissue and then to 
direct its differentiation to islet endocrine cells in vitro. The 
ability to cultivate human islets in vitro from digested pancreatic 
tissue that is usually discarded after islet isolation opens a new 
approach for /3 cell replacement therapy. Human islet isolations 
yield at best only 400,000-600,000 islets, which means that more 
than one donor may be required for a successful transplant (2). 
In the studies reported here, with modest expansion of tissue, 
insulin content was increased 10- to 15-fold and the endocrine 
tissue became organized into islet-like structures consisting of j3 
and non-/3 endocrine cells. These experiments were designed to 
start with the nonislet ductal tissue with no effort made to 
salvage islet tissue from the nonislet layers; in fact, because islets 
rarely adhere to the nonsticky flasks, the conditions did not favor 
their inclusion. These data provide evidence of the potential to 
expand and differentiate human duct cells to islet cells, but 
further optimization of conditions are needed to generate yields 
of islet tissue that will make an impact on islet transplantation. 

Optimization could include further expansion of the ductal 
tissue or higher efficiency in differentiating cells. Being able to 
use the pellet layer with higher efficiency would be particularly 
advantageous because this layer often contains 2-3 times more 
tissue than the middle layer. It is puzzling why the cultures of 
pellet layer had the same growth appearance (cobblestone 
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Fig. 3. Double immunostained sections of CHIBs. (A) Cytokeratin 19 (FITC, green)-positive duct celts make up most of this CHIB with insulin-positive cells (Texas 
red) in several islet buds. Another CHIB shown with cell positive for insulin (red in B and D) and for the non-/3 cell hormones (glucagon, somatostatin, and 
pancreatic polypeptide) (green in Cand D); D is the overlay of these red and green images. There are a few cells that coexpress both 0 and non-/3 cell hormones 
(yellow in D), indicating that some of the cells are immature and still in differentiation. (Magnification bar = 50 /im.) 



plaques) and morphogenesis as the middle layer but had no 
increase in insulin content after application of the Matrigel. The 
adherent starting tissue was for the most part ductal epithelium, 
no matter which purification layer was being used. There were 
some fibroblasts, but the growth conditions favored the epithe- 
lial cells. The only noticeable difference in these two layers 
initially was that the middle had more sheets of duct epithelium 
from larger ducts whereas the pellet layer had mostly exocrine 
clumps consisting of small intercalated ducts continuing into 
acini. Although this difference may be key, the data from rodents 
suggest that culture of exocrine tissue (the ducts and acini) would 
result in ductal cultures. Mouse pancreatic exocrine (acinar and 
ductular) tissue gave rise to epithelial cultures that were indis- 
tinguishable from cultures of isolated duct, raising the possibility 
that acinar cells could dedifferentiate to form duct cells (23, 24). 
Other studies suggest that between 50% and 95% of the rodent 
exocrine cells die initially in culture with mainly the ductal cells 
left to replenish the cultures (21, 22). It is entirely possible that 
the cells from the smaller ducts/acini have little capacity to 
differentiate into endocrine cells. 

In our study the adherent cells during the early culture period 
seem to be ductal cells. The large cytokeratin positive cells that 
form in cobblestone pattern are characteristic of pancreatic 
ductal epithelium. These large cells often had cytoplasmic 
and/or weak nuclear staining for the transcription factor IPF-1. 
In contrast, )3 cells were small in size, cytokeratin negative and 



insulin positive by immunostaining, and had strong nuclear 
staining for IPF-1. Although this transcription factor has been 
localized mainly to the embryonic duct cells and islet cells, 
particularly the j3 and some delta cells (25), we found in the adult 
rat that recently replicated duct cells also transiently express this 
protein in the nuclei (11). In these human cultures, the pattern 
of IPF-1 protein was variable but consistent with recent prolif- 
eration of the cells. In contrast, Beattie et al (5) found IPF-1 
stained cells only with expanded human islets and not with 
expanded human duct cells. 

There are several lines of evidence supporting that islets are 
not a major component of the initial adherent cultures. First, 
there was little dithizone staining of the adherent cells, even 
from the tissue aliquots from the top layers in which the islets in 
suspension were strongly stained by dithizone. This is not 
unexpected because these nontreated flasks had been chosen 
originally to maintain isolated islets in suspension. In fact, the 
purer preparations had little adherent tissue; it was when the islet 
purity was lower (equal or less than 75%) that an appreciable 
amount of adherent tissue was found. Second, the initial insulin/ 
DNA ratio was less than 2% that of our purest human islet 
preparations. Because the initial samples for insulin (at 2-4 days) 
were taken before there was much spreading or replication of the 
tissue and the suspended islets maintained their insulin content, 
it is unlikely that adherent islets had lost all of their insulin or 
became dedifferentiated. This is consistent with the low levels of 




Fig. 4. By ultrastructural analysis of CHIBs, mature and immature pheno- 
types could be seen. The duct cells (D), with characteristic short stubby mi- 
croville and apical junctional complexes, line the lumen of a cyst. Adjacent to 
the ductal epithelium is a row of unidentifiable cells (U) that do not have 
characteristic granules of islet endocrine cells. 0, a, and & cells are identified by 
their granules. (Magnification bar = 2 *im.) 
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Fig. 5. The cysts/CHIBs are responsive to glucose in vitro secretion studies. 
Forty cysts/CH IBs were incubated in six replicates from each of two groups for 
three pancreases. After an initial 4-h preincubation, each sample was incu- 
bated for 24 h in RPMI with 5 mM glucose for basal secretion determination. 
The media were replaced with either fresh media with 5 mM (hatched bars) or 
20 mM (solid bars) glucose for an additional 24 h. Insulin secretion over the 
24-h period was expressed as percent of the same tube at basal. Parallel 
experiments with middle layer tissue from two flasks of pancreas H99-19 and 
of H 99 -2 5 and one flask from H99-24 are shown. Insulin content was not 
determined. 
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insulin mRNA found in these early cultures. To obtain further 
insight into how many islets might have adhered in the early 
stages of culture, purified islets of pancreas H99-20 were 
extracted for insulin and DNA determination, with the finding 
of 5 ng insulin and 6.5 ng DNA per islet, indicating that each islet 
consisted of about 930 cells. The amount of insulin contained in 
the initial adherent tissue of a single flask from this pancreas was 
174 ng, which is the equivalent of 35 islets. These 35 islets would 
contain 228 ng DNA which was 0.4% of the total from the 
adherent cells of the flask. After 8 days of Matrigel treatment, 
a flask that started with an identical aliquot of tissue contained 
2,560 ng insulin or the equivalent of 512 islets or 7.1% of the final 
tissue, which was a 15-fold expansion. 

Although theoretically it is possible to have increased insulin 
content and increased insulin-containing cells from replication 
of the few j3 cells that were in the initial adherent cell population, 
we think this is unlikely for several reasons. First, human )3 cells 
have been shown to have extremely low replication rate (less than 
0.1% labeling for Ki67, a protein present in most cells that are 
in the cell cycle because it is expressed from mid-Gi through 
mitosis); this low level of replication was shown also in late fetal 
(26) and adult pancreas (27) as well as islet preparations that 
were cultured with hepatocyte growth factor and on extracellular 
matrix (8). Second, there is a parallel enrichment of glucagon 
during the culture as seen by the immunostaining and RT-PCR. 
Third, the pattern of budding of islet tissue is highly similar to 
that of in vivo neogenesis with the mix of p and non-j3 endocrine 
cells with immature endocrine cells as illustrated by both colo- 
calization of islet hormones and ultrastructurally "undifferenti- 
ated" cells seen between the duct and endocrine cells. Addi- 
tionally, the glucose-induced insulin response is immature as one 
would expect from newly formed islets. Thus, our data strongly 
favor neogenesis of islet tissue from ductal cells. 

Our study differs from previous work in several ways. Most 
others have started with isolated adult human islets that were 
expanded on an extracellular matrix substrate (4-8). With 
expansion as monolayers, human islets were reported to lose 
their insulin expression but maintain IPF-1 expression (5). With 
culture in three-dimensional collagen gels human islets also lost 
insulin expression and endocrine phenotype, becoming duct-like 
(7). However, using very similar techniques of human islets 
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embedded in three-dimensional collagen gels, Kerr-Conte et al 
(6) reported proliferation of duct cells, formation of ductal cysts, 
and then appearance of single endocrine cells in the ductal walls. 
In the present study, the mainly ductal tissue remaining after islet 
isolation was expanded and then coated with extracellular matrix 
to induce differentiation of islet cells. The potential of extracel- 
lular matrix to induce differentiation in vitro has been shown for 
other epithelial cell types (12-14). Our technique, which uses 
Matrigel, a complex matrix with multiple components and 
growth factors (12), offers the opportunity to dissect the mo- 
lecular mechanisms involved in the differentiation of the human 
islet. 

The in vitro expansion of duct tissue is rapid and extensive, 
probably because the normal restraints found in vivo are re- 
moved (10). Because the default pathway of differentiation of 
embryonic pancreas is thought to be that of islet formation (28), 
such in vivo restraint might be protective and necessary to 
prevent excessive islet formation that could produce too much 
insulin and even hypoglycemia. In the present experiments we 
were able to generate new islet cells from duct cells in vitro but 
the quantities were limited. If the entire middle layer of pancreas 
H99-20 digest had been cultured, the equivalent of 32,000 new 
islets could have been generated in vitro. This amount would be 
expected to have little clinical impact although additional dif- 
ferentiation of islet cells from the duct cysts could occur in vivo. 
Despite the limitations at this early stage, these findings raise the 
tantalizing possibility that this/n vitro approach, once optimized, 
might generate meaningful amounts of new human islet tissue 
from duct cells. This possibility has important implications for 
making j3 cell replacement therapy available to a larger number 
of people with type 1 and 2 diabetes mellitus. 
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Clonal identification of multipotent precursors from adult 
mouse pancreas that generate neural and pancreatic 
lineages 

Raewyn M Seaberg 1,6 , Simon R Smukler 1,6 , Timothy J Kieffer 2 , Grigori Enikolopov 3 , Zeenat Asghar 4 , 
Michael B Wheeler 4 , Gregory Korbutt 5 & Derek van der Kooy 1 

The clonal isolation of putative adult pancreatic precursors has been an elusive goal of researchers seeking to develop cell 
replacement strategies for diabetes. We report the clonal identification of multipotent precursor cells from the adult mouse 
pancreas. The application of a serum-free, colony-forming assay to pancreatic cells enabled the identification of precursors from 
pancreatic islet and ductal populations. These cells proliferate in vitro to form clonal colonies that coexpress neural and 
pancreatic precursor markers. Upon differentiation, individual clonal colonies produce distinct populations of neurons and glial 
cells, pancreatic endocrine (K a- and 5-cells, and pancreatic exocrine and stellate cells. Moreover, the newly generated p-like 
cells demonstrate glucose-dependent Ca 2+ responsiveness and insulin release. Pancreas colonies do not express markers of 
embryonic stem cells, nor genes suggestive of mesodermal or neural crest origins. These cells represent a previously unidentified 
adult intrinsic pancreatic precursor population and are a promising candidate for cell-based therapeutic strategies. 



There is considerable excitement and controversy about the nature of 
putative precursor cells in the adult mammalian pancreas 1 , largely 
because of their potential as a source of 0-cells for transplantation in 
the treatment of diabetes. The focus of many studies has been the 
development of cell culture strategies to expand insulin-producing 
p-cells 2 . A number of issues relating to the nature of pancreatic 
precursors have not been resolved, including whether they reside in 
the islets of the endocrine pancreas or ducts of the exocrine pancreas, 
^Sfiktheir capacity for self- renewal and their full lineage potential. One 
^g^obstacle to investigating these issues is that there have been no reports 
of the clonal isolation and proliferation of single adult pancreatic 
precursor cells. 

Some evidence suggests that pancreatic cells 3 , and specifically 
precursors 4,5 , may express nestin, an intermediate filament protein 
that is a sensitive but not specific marker of neural precursor cells 6 . 
Although these studies have provided evidence for a proliferative 
nestin-expressing pancreatic cell, these cells have remained incom- 
pletely characterized because they were cultured in large, nonclonal 
populations 4 . We sought to identify single proliferative cells from the 
adult pancreas and characterize them in terms of their gene expres- 
sion, their lineage potential and their possible developmental origins. 
We further sought to explore the relationship between the nestin + cells 
from the adult brain and adult pancreas. 

Here we report the rigorous clonal isolation of multipotential 
precursor cells from the adult pancreas. These precursors proliferate 



in the serum-free media conditions routinely used for neural stem 
cell culture and form floating clonal colonies. Such pancreas 
colonies arise from precursors present in both islet- and duct- 
derived populations, and from both nestin + and nestin" cell 
fractions. Intriguingly, clonal pancreas colonies express markers 
characteristic of both pancreatic and neural precursors. Upon 
differentiation, clonal pancreas colonies generate multiple types of 
neural progeny including mature neurons. Surprisingly, pancreas 
colonies generate a significantly higher proportion of neurons 
than do adult brain-derived clonal neurospheres. In addition, 
pancreas colonies generate islet endocrine cell types including 
mature pancreatic insulin-producing p-like cells, glucagon-producing 
a-cells and somatostatin-producing 5-cells. The p-like cells generated 
de novo are functional in that they exhibit glucose-dependent 
Ca 2+ responsiveness and insulin release. Pancreas colonies also 
generate acinar cells characteristic of the exocrine pancreas and 
pancreatic stellate cells. Thus, they are able to generate multiple 
neuroectodermal and endodermal cell types. In light of this 
result, we have termed these cells pancreas-derived multipotent 
precursors (PMPs). To our knowledge, there have been no previous 
reports of a robust adult somatic cell population from the 
pancreas that is capable of reliably and reproducibly generating clonal 
progeny characteristic of both endocrine and exocrine pancreatic 
lineages, and indeed progeny characteristic of more than one primary 
germ layer. 
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Figure 1 PMP colonies are formed from . 
progenitors present in adult pancreatic islet and " u U £Mf^ 

duct cell isolates, and express markers 
characteristic of both neural and pancreatic 
precursors, (a) The frequency of PMP colonies 
from pancreatic islet and duct cell isolates is 
similar. The data are expressed as the mean 
number of colonies (+s.e.m.; n - 14 
independent experiments) formed per 10,000 
cells plated. Islet and ductal cell isolates do not 
contain significantly different numbers of PMPs 
(P > 0.05). (b) Light micrograph of a PMP 
colony. Scale bar, 50 \im. (c) Light micrograph of 
a neurosphere. Scale bar, 50 yim, (d) RT-PCR for 
neural and pancreatic precursor markers. The 
numbers on the left represent the number of 
individual PMP colonies that expressed the 
corresponding mRNA out of the total number of 
colonies tested by RT-PCR analysis. Only single 
colony RNA isolates that were found to express 
p-actin were considered. Note that positive 
control (+) bands (see Supplementary Methods 
online for a complete list of tissue positive 
controls) appear brighter because of the greater 
amount of starting RNA in comparison to single 
PMP colonies. Ngn3 was not expressed at 
detectable levels in individual PMP colonies. 

However, Ngn3 mRNA was detected in a sample of five pooled (P) PMP colonies, suggesting that it is present in differentiated PMP colonies but perhaps at 
low levels, (e) Single cells from dissociated PMP colonies coexpress PDX-1 (red) and nestin (green) as seen by immunostaining. Note that the nucleus in this 
fluorescence micrograph is labeled with both DAPI (blue) and PDX-1, giving it a pink appearance. The white arrows indicate double-positive cells. 
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-j= RESULTS 

|= Colonies arise clonally from single islet and ductal cells 

£ To determine whether cells isolated from adult pancreatic islets and 
Q) ductal tissue would proliferate in vitro y we used defined serum-free 
3 media conditions typical for the isolation of brain-derived neural stem 
2 cells. In these conditions, neural stem cells clonally proliferate to form 
g floating cell colonies called neurospheres 7 . Pancreatic islets and ductal 
g tissue were separately dissociated into single cells and plated at low 
© density in the serum- free medium containing epidermal growth factor 
^ft >k (EGF) and fibroblast growth factor 2 (FGF2). 
829 By 7 d in vitro, floating colonies resembling neurospheres formed in 
islet and duct cultures (Fig. 1). There was no significant difference in 
the number of colonies formed from islet (1/6,410 cells) and ductal 
(1/8,850 cells) cells (P > 0.05) (Fig. la). Indeed, throughout the 
following analyses there were no differences noted between islet- and 
ductal-derived precursor colonies; henceforth, they will be referred to 
collectively as pancreas colonies or (based on the following analyses) 
PMP colonies. Although the PMP colonies were morphologically 
similar to neurospheres (Fig. lc), on average they were 
smaller in diameter (104 ± 8.6 |im PMP colony compared with 
263 ± 7.7 um neurosphere 8 ) (Fig. lb) and did not increase sub- 
stantially in size upon lengthening of the culture period. Each PMP 
colony contained 2,000-10,000 cells. 

Experiments were done to confirm that the PMP colonies were 
arising from individual cells and not by multicellular aggregation. 
First, we conducted mixing experiments in which equal proportions of 
wild- type cells (white, unmarked) and cells marked with green 
fluorescent protein (GFP + ) from animals constitutively expressing 
GFP 9 were dissociated and plated together at a final density of 
20 cells ul -1 . The resulting colonies were assayed for the number 
of white, green and mixed colonies. Mixed colonies are indicative of 
cellular aggregation. This type of analysis has been used to demon- 
strate the clonal derivation of other precursor colonies, including 



brain-derived neural stem cells 10 , retinal stem cells 11 and inner ear 
stem cells 12 . Of the 114 PMP colonies assayed, some were wholly 
unmarked, some were apparently wholly GFP + and none were mixed. 
These, data indicate that PMP colonies do not arise by aggregation 
when pancreas cells are plated at 20 cells ul~ 1 or lower, but rather by 
the proliferation of single pancreatic precursors. 

To confirm the clonality of PMP colonies more rigorously, we 
carried out single cell analyses. Cells were plated at a density of 
0.05 cells ul -1 in 96- well plates. At the outset of the culture period, 
wells were assayed for the presence of single cells, and only these wells 
were included in further analysis. Altogether, 15,335 single cells were 
followed, of which five (0.03%) formed colonies. This percentage of 
colony-forming cells is similar to the observed ~0.02% (Fig. la) of 
cells that form colonies in routine culture conditions of 20 cells ul -1 (a 
density 400-fold greater than that used for the single cell analysis). 
These data indicate that the PMP colonies arise from the clonal 
proliferation of single cells and not from cellular aggregation. All 
subsequent analyses were carried out on clonal PMP colonies gener- 
ated from the proliferation of a single cell. 

Single colonies express neural and pancreatic precursor markers 

The pancreatic transcription factor PDX-1 is one of the earliest genes 
expressed in the developing 13,14 and regenerating 15 pancreas. PDX-1 + 
cells generate both exocrine and endocrine compartments of the 
pancreas during development 14 . Other markers of pancreatic precur- 
sors include p48/Ptfl, Pax4 and Ngn3 16 . Ngn3 is also expressed in 
neural precursors, as are Ngnl and Ngn2 17 , nestin 6 , Soxl-3 18 , Mash- 1 19 
and 01ig2 20 . To determine whether PMPs expressed markers more 
characteristic of neural or pancreatic precursors, we carried out 
RT-PCR analysis of these markers on single colonies. Nearly all PMP 
colonies expressed both nestin (14/15) and PDX-1 (13/15) (Fig. Id and 
Supplementary Table 1 neurosphere comparison online). Also, single 
cells from acutely dissociated PMP colonies (i.e., cells from dissociated 
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Figure 2 PMP colonies generate all three major neural cell lineages. (a,b) When individual PMP colonies were differentiated, they were found to generate 
p 3 -tubulin + neurons (red), occasionally forming large neuronal networks as shown in b. Scale bars: 50 jam, a; 200 pm, b. (c-e) p3-tubulin + neurons that were 
generated by PMPs tc) coexpressed the more mature neuronal marker MAP2 (green) (d, and overlay e), thus confirming their neuronal identity. Scale bar, 
50 nm. (f,g) PMPs generated GFAP+ astrocytes (green). Scale bars, 20 urn. (h) 04 + oligodendrocytes also were generated by PMP colonies (green). Scale 
bar, 20 urn. All nuclei were counterstained with DAPI (blue) for purposes of quantification. Refer to Table 1 for relative proportions of each neural cell type 
produced by PMPs. (0 RT-PCR analyses confirm the presence of mRNA for neuronal and glial makers. Individual differentiated clonal PMP colonies all 
expressed detectable levels of p3-tubulin and MAP2, but not GFAP. However, GFAP mRNA was detected in a sample of five pooled (P) PMP colonies, 
suggesting that it is present in differentiated PMP colonies but at lower levels. This is in accordance with the relatively lower percentages of glial than 
neuronal progeny determined by immunocytochemistry (Table 1). Only single colony RNA isolates that were found to express p-actin were considered. Note 
that positive control (+) bands appear brighter because of the greater amount of starting RNA in comparison to single PMP colonies. 
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2 PMP colonies were only very briefly cultured to allow attachment before 
^ fixation) coexpressed PDX-1 and nestin (Fig. le). Individual PMP 
a> colonies also expressed Sox2, Sox3, Mash-1 and Ngn3 (but not Pax4, 

3 p48/Ptfl, 01ig2, Soxl, Ngnl and Ngn2) (Fig. Id). This indicated that 
§ clonal PMP colonies expressed markers characteristic of both pancreatic 
g and neural precursors and hinted that the PMP cell might be a novel 
3 precursor that could generate both neural and pancreatic progeny. 

<3> 

gj^ Pancreatic precursors generate multiple neural lineages 

jsjio determine whether PMP colonies would generate neural or 
pancreatic progeny, we removed individual clonal PMP colonies 
from mitogen-containing media, replated them on an adherent 
substrate and differentiated them for 7 d. PMP colonies from both 
islet and duct cultures generated p 3 -tubulin + neurons, GFAP + astro- 
cytes and 04 + oligodendrocytes (Fig. 2). These cell types are routinely 
generated by neural stem cells when brain-derived neurospheres are 
differentiated in this manner. Under identical differentiation condi- 
tions, the PMP colonies generated very different proportions of these 
cell types compared with brain-derived neurospheres (Table 1). For 
example, neurospheres generated a higher proportion of GFAP + 
astrocytes (84.2% ± 1.4%) than did PMP colonies (7.4% ± 1.3%), 
although neurospheres and PMP colonies generated similar numbers 
of 04 + oligodendrocytes (4.3% ± 1.7% and 2.4% ± 0,7%, respec- 
tively). Notably, PMP colonies generated a significantly greater pro- 
portion of neurons (26.4% ± 3.8%) than did brain-derived 
neurospheres (3.7% ± 0.6%). In rare cases, differentiated PMPs 
formed colonies consisting primarily of neurons with extensive net- 
works of neuronal processes (Fig. 2b). Neurons were also colabeled 
with MAP2 (Fig. 2c-e), a mature neuronal marker that confirms the 
identity of these cells. The detection of P 3 -tubulin and MAP2 protein 
was critical because islet cells in monolayer culture can sometimes 
extend short neu rite-like processes. However, in the present study, cells 



immunopositive for any endocrine or exocrine pancreatic marker were 
never found to extend neurites. In addition to the morphological and 
immunocytochemical evidence, the presence of mature neural lineages 
in the clonal differentiated PMP cultures was confirmed by RT-PCR of 
individual colonies for p 3 -tubulin and MAP2 (Fig. 2i). GFAP was 
undetectable in single colonies but was detected when five colonies 
were pooled, suggesting that it is present in differentiated PMP 
colonies but at lower levels. This is in accordance with the relative 
percentages of glial and neuronal progeny as determined by immuno- 
cytochemistry (Table 1). 

Pancreatic precursors generate cells with p-cell properties 

Surprisingly, the same clonal PMP colonies that generated neural 
progeny (« = 100 individual clonal PMP colonies) also generated 
insulin + and C-peptide + (a cleavage product of the insulin pro- 
hormone released during insulin production) pancreatic P-like cells. 
This result was found for both islet (Fig. 3a) and ductal (Fig. 3b) 
clonal colonies by the identification of p 3 -tubulin + and either insulin + 
or C-peptide + cells within the same single clonal colony, indicating that 
the original colony-forming PMP cells were multipotential for both 
neural and pancreatic lineages. It was important to confirm that the 
insulin + cells identified in differentiated PMP cultures were p-cells and 
not an unrelated cell type concentrating insulin from the culture 
medium 21 . To further confirm that the insulin* cells had the character- 
istics of p-cells, we carried out a series of double-labeling experiments 
using antibodies against C-peptide. Single cells from differentiated 
PMP colonies coexpressed insulin or C-peptide and PDX-1, a tran- 
scription factor expressed by mature P-cells 15 (Fig. 3c,d). All single 
C-peptide + cells coexpressed PDX-1. Further, single cells were colabeled 
with C-peptide and insulin (Fig. 3e) or C-peptide and Glut2 (Fig. 3f). 
Every single insulin + cell coexpressed C-peptide + , and every C-peptide + 
cell coexpressed Glut2, demonstrating that insulin immunoreactivity 
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Figure 3 Progeny from two distinct embryonic 
primary germ layers are generated by single, 
clonally derived PMPs that are present in islet 
and ductal cell isolates. (a,b) Upon 
differentiation, single islet- (a) and ductal- (b) 
derived PMP colonies generated both p3-tubulin + 
neurons (red) and insulin 4 " or C-peptide + p-cells 
(green). Note that although only one combination 
of pa-tubulin and insulin or C-peptide is shown 
for each of islet and ductal PMP colonies, both 
islet and ductal PMP colonies contained insulin 4 " 
and C-peptide + cells in combination with 
p3-tubulin. The white arrows indicate insulin 4 " 
and C-peptide + cells. Scale bars, 50 urn. (c,d) To 
confirm that the insulin 4- cells represented p-cells 
and were generating insulin protein de novo, 
differentiated colonies were colabeled with 
antibodies against PDX-1 and C-peptide (c) or 
insulin (d). These micrographs illustrate single 
colonies with cells positive for both PDX-1 (red) 
and C-peptide or insulin (green). Scale bars, 
25 urn. (e,f) Insulin 4 " cells (red) all coexpress 
C-peptide (green) as illustrated by the merged 
field (yellow) (e) and C-peptide + cells (green) all 
coexpress Glut2 (red) as shown in the merged 
field (yellow) (f). Scale bars, 50 urn. Although 
only one example of each is illustrated, both 
islet- and ductal-derived PMP colony progeny 
exhibited these patterns. In all micrographs 
nuclei have been counterstained with DAPI for 
purposes of quantification. Note that in c and d, 
nuclei appear pink because of the colocalization 
of DAPI and PDX-1. Refer to Table 1 for the 
proportion of cells with p-cell characteristics 
produced by single PMPs. (g) RT-PCR analyses 
confirm that single clonal differentiated PMP 
colonies express many characteristic islet/p-cell 
markers. Only single-colony RNA isolates that 
were found to express p-actin were considered. 
Note that positive control (+) bands appear 
brighter because of the greater amount of starting 
RNA in comparison to single PMP colonies. 




KsKs not a consequence of uptake from the culture medium. Colabeled 
cells expressing both C-peptide and Pax6 were also observed (see 
Supplementary Fig. 1 online). 

To determine whether differentiated PMP colonies expressed other 
characteristic markers of p-cells/islet cells, we carried out RT-PCR on 
PMP colonies for insulin 11 (Ins2), glucokinase (GCK), Glut2, Pax6, 
Beta2/NeuroD, Hlxb9, Isl-1, Nkx2.2, Nkx6.1 and PDX-1. Single clonal 
differentiated PMP colonies expressed these genes (Fig. 3g). Together, 
these data demonstrate that PMPs generate cells with P-cell character- 
istics upon differentiation. 

PMP-generated cells show glucose-dependent Ca 2+ responses 

To determine whether the p-like cells in single clonal differentiated 
PMP cultures are functional, we carried out intracellular Ca 2+ ([Ca 2+ ]j) 
imaging studies. Single cells were identified for [Ca 2+ ]j imaging by 
prior infection with AdRIP2EYFP, an adenovirus in which expression 
of enhanced yellow fluorescent protein (EYFP) is controlled by the rat 
insulin II gene promoter (R1P2). Within the islet, EYFP expression is 
specific to insulin + p-cells 22 , so identification of EYFP 4 " cells in these 
differentiated PMP cultures further supports their p-cell identity 
(Fig. 4a,b). EYFP* cells from both islet- and ductal-derived PMP cul- 
tures exhibited a [Ca 2+ )j response to stimulation by glucose (Fig. 4c,d). 
This response was augmented by the physiological secretagogue 



glucagon-like peptide- 1 (GLP-1), which stimulates P-cells in a glucose- 
dependent manner 23 , or tetraethylammonium (TEA), a compound that 
inhibits delayed rectifier K + currents and potentiates the glucose- 
stimulated insulin response 24 . Further, this [Ca 2+ ]j response was abol- 
ished by the addition of the voltage-dependent Ca 2+ channel blocker 
verapamil. These results demonstrate that the EYFP + cells present in 
cultures of differentiated PMP colonies are glucose responsive. 

PMP-generated cells show glucose-dependent insulin release 

To further characterize the PMP-derived glucose-responsive cells, we 
determined insulin content and compared it to primary islet cells. 
PMP-derived cells contained 40.2 ± 10.9 ng of insulin/ug of DNA, 
and primary islet cells contained 1 16.9 ± 22.6 ng of insulin/ug of 
DNA. Basal insulin secretion over 1.5 h from differentiated PMP- 
derived cells was found to be 56.5 ± 7.1 pg of insulin/differentiated 
PMP colony. PMP-derived cells demonstrated increased insulin secre- 
tion in response to glucose alone or to glucose plus GLP-1 or plus TEA 
(Fig. 4e,f). These cells also secreted insulin in response to carbachol, a 
cholinergic agonist capable of stimulating insulin release even under 
low glucose conditions 25 . Verapamil abolished glucose-stimulated 
insulin release to basal levels. These data clearly indicate that there 
are cells present in cultures of differentiated PMP colonies that exhibit 
the functional properties of p-cells. 
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Figure 4 lnsulin + cells generated de novo from 
PMPs demonstrate glucose-stimulated Ca 2+ 
responses and glucose-stimulated insulin release. 
(a,b) Bright-field and fluorescence micrographs 
demonstrating YFP + cells from AdRIP2EYFP- 
infected islet- (a) and ductal- (b) derived 
differentiated PMP colonies. Scale bars, 50 urn. 
(c,d) Calcium traces for islet- (c) and ductal- (d) 
derived PMP colonies demonstrating glucose- 
stimulated [Ca 2+ ]j responses, which were 
augmented by the addition of either GLP-1 or 
TEA, respectively. The addition of the voltage- 
dependent Ca 2+ channel blocker verapamil (VER) 
returned the [Ca 2+ ]j to basal levels. Shown above 
the Ca 2+ trace are fluorescence micrographs of 
YFP + cells and the ratiometric Fura images 
(pseudocolored according to the scale shown to 
the right) corresponding to the numbered time 
points on the trace. Note that in (c), the YFP" cell 
does not demonstrate a glucose response. These 
Ca 2+ traces are representative of at least five 
independent experiments. Note that GLP-1 and 
TEA produced similar responses in both islet- and 
ductal-derived PMP progeny, although only one 
example is depicted for each in the [Ca 2+ ]j traces 
shown. (e,f) Demonstration of increased insulin 
release by islet- (e) and ductal- (f) derived PMP 
colonies in response to high glucose (HG) alone 
or with the addition of GLP-1, TEA or to 
Carbachol (Carb) alone. The addition of verapamil 
(VER) abolished the glucose-stimulated insulin 
release. These data were generated from three to 
four independent experiments. 
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Pancreatic precursors generate multiple pancreatic cell types 

To determine whether PMPs could generate other subtypes of islet 
endocrine cells, we tested differentiated clonal PMP colonies for the 
presence of oc-cells and 5-cells using antibodies specific for glucagon 
and somatostatin, respectively. We found that both a-cells (6.3% ± 
2.0%) and 5-cells (4.5% ± 0.6%) were generated by PMP colonies 
Fig. 5a and Table 1 ) and could be found in the same clonal colonies 
as insulin + cells. Glucagon, somatostatin and insulin defined non- 
overlapping differentiated cell populations. 

To determine whether PMPs represent a general pancreatic pre- 
cursor capable of generating exocrine cell types, we tested differen- 
tiated clonal PMP colonies for the presence of pancreatic ductal 
epithelial and acinar cells. Colonies were stained with CK-19, which 



marks ductal epithelial cells, and amylase, which marks exocrine 
acinar cells. Although primary ductal cells stained strongly with CK-19, 
no positive cells from differentiated PMPs were observed. It is possible 
that PMPs may generate immature ductal cells, or cells with a 
cytokeratin expression profile distinct from primary cells. PMPs did 
generate amylase* acinar cells (6.2% ± 1.2%) (Fig. 5b and Table 1), 
suggesting that PMPs are common precursors for both exocrine and 
endocrine lineages of the pancreas. 

During embryonic development, neural cells arise from ectoderm 
and pancreatic cells arise from endoderm. Thus, single PMPs gener- 
ated cell types characteristic of two different primary germ layers. To 
determine whether PMPs could generate other nonneural ectodermal 
derivatives, we tested PMP colonies for the generation of epidermal 



Figure 5 PMP colonies generate multiple islet endocrine subtypes and exo- 
crine cells, (a) When individual PMP colonies were differentiated, they were 
found to generate glucagon* a-cells (green) and somatostatin* 5-cells (red). 
Cells coexpressing these hormones were never observed. Note that this field 
depicts only a portion of a larger differentiated PMP colony. The arrange- 
ment of endocrine cells in these colonies is suggestive of either multiple 
divisions of one local progenitor cell within the colony, or that there may be 
a type of 'community effect' whereby endocrine cells of similar phenotype 
tend to differentiate in close contact with each other, (b) PMP colonies 
generated cells characteristic of the exocrine compartment of the pancreas, 
amylase* acinar cells, (c-d) A large proportion of the cells generated by 
individual clonal PMP colonies were large, flat cells with characteristic 
morphology and arrangement that expressed SMA (c) and nestin (d), typical 
of pancreatic stellate cells. All nuclei were counterstained with DAPI (blue) 
for purposes of quantification. Refer to Table 1 for relative proportions of 
each pancreatic cell type produced by PMPs. Scale bars, 25 urn. 
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Table 1 Comparison of the mean percentages of neural and pancreatic cell progeny generated from murine adult pancreas (PMP) colonies and 
adult forebra in-derived neurospheres (mean % ± s.e.m.) 
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Neural cell types 




Pancreatic cell types 










Neurons Astrocytes 


Oligo-dendrocytes 


P-Cells 


a-cells 8-cells 


Acinar Cells 


Stellate 


Stellate/neural precursor 




(p3-tubulin + ) (GFAP+) 


(04 + ) 


(insulin + ) 


(glucagon + ) (somatostatin*) 


(amylase*) 


Cells (SMA + ) 


cells b (nestin + ) 


PMP Colony 


26.4 ± 3.8 a 7.4 ± 1.3 a 


2.4 ± 0.7 


4.7 ± 1.0 a 


6.3 ± 2.0 a 4.5 ± 0.6 a 


6.2 ± 1.2 a 


57.4 ± 7.0 a 


49.6 ± 2.9 a 


Forebrain neurosphere 


3.7 ± 0.6 84.2 ± 1.4 


4.3 ± 1.7 


0.0 ± 0.0 


0.0 ± 0.0 0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


9.5 ± 1.8 b 



The table shows the fundamental differences in cell lineage potential of clonal colonies generated from the adult forebrain or adult pancreas. The numbers of each cell type are expressed as a 
percentage of DAPI-positive nuclei. 

•Significant difference in the proportion of the indicated cell type generated by pancreas colonies compared to neurospheres (P < 0.05). PMP colonies generate a significantly higher proportion of 
neurons than adult brain-derived neurospheres, but significantly fewer astrocytes. Pancreatic cell types were detected only in PMP colonies and were not detected in differentiated brain-derived 
neurospheres. b Pancreatic stellate cells are known to express both SMA and nestin, and both of these markers were expressed in PMP progeny with characteristic large, flat morphology. However, 
because there was no SMA expression in neurosphere cells, the nestin immunoreactivity in these cultures likely represents a subpopulation of undifferentiated neural precursors. Further, nestin and 
pytubulin are sometimes coexpressed as newly generated neurons differentiate, 



cells by immunostaining with CK-1, CK-5 and CK-10. Neither islet 
nor ductal-derived pancreas colonies generated CK-1 + , CK-5 + or 
CK-10 + epidermal cells, suggesting that PMPs are restricted in the 
types of ectodermal derivatives that they can generate (that is, only 
neuroectodermal). To determine whether PMP colonies possessed a 
more general endodermal character, we assayed individual colonies by 
RT-PCR for the presence of the early endoderm markers GATA-4 and 
HNF3p. PMP colonies did not express these markers (Fig. 6a). 
Differentiated PMP colonies were also assayed for hepatocytes 
(another endodermal cell type) by immunocytochemistry for 
fumarylacetoacetate hydrolase (FAH); none were detected. These 
data suggest that PMPs are not generalized endodermal precursors. 

From the preceding analyses, we could account for 50% of the 
differentiated progeny of individual clonal PMP colonies. The remain- 
ing unmarked cells were large and flat, with large nuclei, arranged in 
sheets. These cells expressed nestin (49.6% ± 2.9% of total DAPI + 
nuclei) and smooth muscle actin (SMA) (57.4% ± 7.0% of total 
DAPI + nuclei) (Fig. 5c,d and Table 1). Because nestin and SMA were 
expressed in a morphologically overlapping cell population, these 
cells likely represent pancreatic stellate cells 26 . Stellate cells are blood 
vessel-associated pericytes found in the pancreas and liver, which can 
transdifferentiate into fibroblastoid-type proliferative cells under 
:ertain conditions 26 . 



The self-renewal of PMPs is limited 

Stem cells are defined by two properties: their multipotentiality and 
long-term self-renewal capacity 27 . To determine the capacity of 



pancreatic precursors for self-renewal, we dissociated individual clonal 
colonies into single cells and replated in the same mitogen-containing 
media used for the isolation of primary colonies, and then assayed 
after 7-14 d in vitro for the presence of secondary colonies. Only very 
few (< 1%) of the primary PMP colonies generated small secondary 
colonies, suggesting that pancreatic precursors do not undergo many 
self-renewing divisions under these culture conditions (see also 
Supplementary Notes online). 

PMPs exist in both nestin + and nestin - pancreatic cell fractions 

Although PMP colonies expressed nestin according to RT-PCR 
analysis, this did not clarify whether colony-initiating cells are nestin + . 
To determine whether PMPs are nestin* 1 ", we used a transgenic mouse 
in which enhanced GFP is controlled by the nestin promoter 28 . Islet 
and ductal cells were analyzed for GFP expression by fluorescence- 
activated cell sorting (FACS), sorted into nestin + (Supplementary 
Fig. 2a, online) and nestin" fractions (Supplementary Fig. 2b, online) 
and cultured. Approximately 5% of islet fraction cells and 1% of 
ductal fraction cells were nesting However, the nestin* subpopulation 
was not enriched for PMP colony-forming cells. Indeed, 1/4,286 
nestin* cells and 1/2,514 nestin"" cells formed colonies, suggesting 
that the nestin" 1 " cells were slighdy depleted of PMP colony-forming 
cells. These FACS results were confirmed with a second independent 
nestin-GFP transgenic mouse line 29 , strongly suggesting that nestin 
expression cannot be used to predict PMP identity. 

Although colonies formed from both nestin" 1 " and nestin - cells, all of 
the colonies assayed at the end of the culture period were nestin"*" 



a pmp + 

GATA-4 (0/20) 
HNF3p (0/10) 

b 

Oct4 (0/20) 
Nanog (0/10) 

C 

Brachyury (0/28) 
GATA-1 (0/10) 



PMP + 




Figure 6 PMPs are not general endodermal or mesodermal precursors, nor 
are they ES cell-like stem cells or neural crest precursors, (a) Individual 
PMP colonies were assayed by RT-PCR for the presence of the early 
endoderm markers GATA-4 and HNF3{3. None of the colonies tested 
expressed either marker, suggesting that PMPs are not generalized 
endodermal precursors, (b) mRNA for 0ct4 and Nanog, proteins encoded by 
genes characteristic of ES cells, was not detected in any of the single clonal 
PMP colonies assayed, suggesting that PMPs are not ES celMike 
pluripotent stem cells, (c) Brachyury and GATA-1, markers of mesodermal 
tissue, were not detected by RT-PCR in PMP colonies, suggesting that PMPs 
are not of mesodermal origin, (d) Clonal PMP colonies do not exhibit a 
characteristic neural crest progenitor profile. Although PMP colonies do 
express Slug and Snail, and a proportion of them express detectable levels 
of p75, they do not express many other characteristic neural crest markers 
including Pax3, Twist, SoxlO or Wntl by RT-PCR analysis. Only single 
colony RNA isolates that were found to express p-actin were considered. 
Note that positive control (+) bands appear brighter because of the greater 
amount of starting RNA in comparison to single PMP colonies. 
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(Supplementary Fig. 2a,b online). The transgene expression was 
confirmed by independent experiments to detect endogenous nestin 
protein by immunocytochemistry (Supplementary Fig. 2c online). 
Thus, consistent with the finding by RT-PCR analysis that PMP 
colonies are nestin* (Fig. Id), even the PMPs contained within the 
nestin" fraction of cells (or their progeny within the colony) expressed 
nestin during proliferation and colony formation. These nestin* cells 
did not coexpress CD31 or E-cadherin according to immunocyto- 
>, chemistry analysis, suggesting that the nestin* cells present in 
o undifferentiated PMP colonies are not endothelial or epithelial 
c cells, respectively. 

Q) 

0 PMPs are not pluripotent embryonic stem (ES) cell-like cells 

"8 As nestin 4 " cells were not enriched in PMPs, we investigated other 

B candidate markers (see Supplementary Notes online). It has been 

-E suggested that a subpopulation of the pluripotent stem cells present in 

| the inner cell mass of the pre-implantation embryo might never 

^ differentiate, but instead may persist and seed adult tissues. It has 

3 been hypothesized that such rare pluripotent cells may be responsible 

c for recent observations of unexpected adult somatic tissue plasticity 30 . 

1 Oct4 is a transcription factor critical to the development of totipotent 
J cells 31 . To determine whether Oct4 or Nanog (which is also expressed 
|j. in pluripotent ES cells 32 ) were transcribed in pancreatic precursors, we 
x: analyzed primary islet cells and single PMP colonies by RT-PCR for 
Q- Oct4 and Nanog mRNA. Neither PMP colonies (Fig. 6b) nor primary 
g islet cells expressed detectable levels of Oct4 or Nanog mRNA. These 
V results indicate that PMPs do not correspond to a population of 

c putative pluripotent ES cell-like stem cells in adult tissues. 
IE 

CO 

2 PMPs are not mesodermal in origin 

£ It has been suggested that primitive mesodermal stem cells originating 
o from the bone marrow exist in multiple adult tissues and may adopt 

3 tissue- specific characteristics depending on the local environment 33 . 
Z Stem cell antigen 1 (Sca-1) is a cell surface protein of the Ly6 gene 
g family expressed by bone marrow-derived hematopoietic stem cells 34 , 
g To determine whether PMPs were Sca-1 + and thus related to primitive 
© mesodermal stem cells, we labeled primary islet and ductal cells with a 
tjgr»v Sca-1 antibody and sorted them by FACS. Although 9% of islet cells 
(gland 15% of ductal cells were Sca-1 + , none of the Sca-1 + cells formed 
^~ pancreatic colonies. To confirm that PMPs are not mesodermal in 

origin, we carried out single colony RT-PCR for mesoderm markers 
Brachyury and GATA-1. None of the clonal colony samples tested was 
positive for Brachyury or GATA-1 mRNA (Fig. 6c). Differentiated 
PMP colonies were also analyzed for MyoD, a marker of mesoderm- 
derived myoblasts and differentiated skeletal muscle cells 35 . No 
MyoD + cells were found in differentiated PMP colonies. Thus, 
PMPs are neither Sca-1 + , GATA-1 + , nor Brachyury* and do not 
generate typical mesodermal progeny, suggesting that they do not 
represent a primitive mesodermal precursor. 

PMPs are not neural crest cells 

Nestin-positive precursor cells that can produce neurons in vitro have 
been isolated from adult skin (skin-derived precursors or SKPs) 36 , and 
may represent a neural crest derivative 37 . Because PMPs are a similarly 
unusual source of neurons, pancreas colonies were assayed for the 
expression of neural crest markers by RT-PCR. 

Clonal PMP colonies do not express the neural crest markers Pax3 38 
or Twist 39 (Fig. 6d), markers expressed by SKPs 37 , nor do they express 
neural crest markers SoxlO 40 or Wntl 41 (Fig. 6d). Most PMP colonies 
expressed Slug and Snail 42 , and some expressed detectable levels of p75 
neurotrophin receptor mRNA (Fig. 6d), which is expressed by neural 



crest stem cells 43 . However, p75 is also expressed in forebrain 
neurons 44 , embryonic islets 45 and in the present study, brain- derived 
neurospheres (Supplementary Table 1 online). Although Slug and 
Snail were detected, PMPs did not express the full cluster of markers 
that have been found coexpressed in neural crest stem cells or 
progenitors derived from neural crest 37 . These data suggest that 
PMPs do not exhibit a typical neural crest progenitor profile and 
are not neural crest derivatives. 

DISCUSSION 

We describe the isolation and characterization of a pancreas-derived 
multipotential precursor cell. PMPs are present at low frequency 
(~ 0.02%-0.03%) in both nestin + and nestin" cell fractions from 
both islet and ductal isolates. Single PMPs are capable of proliferation 
and colony formation in vitro, as determined by mixing experiments 
of marked and unmarked cells and, more definitively, by single cell 
analyses. PMP colonies express both neural and pancreatic precursor 
markers, and generate all three types of neural progeny (neurons, 
astrocytes and oligodendrocytes), in addition to cells with character- 
istics of three islet endocrine subtypes, p-cells, a-cells and 
8-cells, as well as exocrine acinar cells and pancreatic stellate cells. 
In addition to expressing a large array of typical (3-cell markers, the de 
novo generated (3-like cells contain insulin and are functional as 
demonstrated by glucose-stimulated [Ca 2+ ]j responsiveness and insu- 
lin release. The insulin content of the PMP-generated cells was 
approximately one-third that of primary islet cells, in spite of the 
fact that islet cells contain a significantly higher proportion of p-cells 
than do differentiated PMP colonies. This would seem to suggest the 
unlikely possibility that per cell, PMP-derived cells contain more 
insulin than primary P-cells. Although the comparison to PMP- 
derived p-like cells using the same assay yields valid relative propor- 
tions, it is prudent to note that the estimated insulin content for 
primary p-cells in the present study is somewhat lower than that 
typically reported in the literature. Literature values for the insulin 
content of primary islets range from 667 ng insulin/|ig DNA 46 to 
5500 ng insuiin/ug DNA 47 . Calculations based on these literature 
values suggest that PMP-derived P-like cells contain somewhere 
between 11.6% and 96% of the insulin level of primary p-cells. It 
could be that the PMP-derived cells are less efficient at releasing stored 
insulin and thus only appear to have a greater insulin production 
capacity than primary p-cells. It is formally possible that other, 
heretofore unrecognized differences exist between primary P-cells 
and PMP-generated p-cells, which therefore may be more appropri- 
ately termed "p-like" cells. 

The capacity of PMPs to generate neural and pancreatic progeny 
may be explained by two alternative hypotheses: (i) the pancreas and 
brain may have a common embryological origin from an ectodermal/ 
endodermal precursor population that exists during early embryonic 
development; or (ii) the similarity in gene expression patterns of the 
brain and pancreas (e.g., nestin, Ngn3, Beta2/NeuroD, Pax6) indicate 
that evolution has reused the same 'toolbox* of genes in two otherwise 
unrelated tissues. 

There is little direct evidence to support the notion that an 
ectodermal/endodermal bipotential precursor exists during embryonic 
development. A recent study isolated an ES cell derivative that, when 
exposed to early inductive signals, may generate insulin 4 " cells and 
immature neurons 48 . However, doubt has been cast on ES cell-derived 
insulin + cells due to lack of PDX-1 and C-peptide expression, the 
demonstration that insulin is not released from these cells in a 
glucose-dependent manner and the fact that these cells form teratomas 
in vivo 49 . Nonetheless, it is interesting to speculate that perhaps 
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a population of ectodermal/endodermal precursors does exist transi- 
ently in vivo during development, and that PMPs may represent a 
small subpopulation of these precursors that persist in the adult 
pancreas, still capable of generating both (3-like cells and neural cell 
types. It is notable that neuronal cell bodies lie in close juxtaposition 
to islet p-cclls in the postnatal pancreas 50 and may play a role in the 
coordination of insulin release. This relationship is intriguingly 
suggestive of the need for a bipotential ectodermal/endodermal 
>, precursor cell to persist. Alternatively, the similarity in developmental 
o* gene expression program or 'toolbox' may permit pancreatic precursor 
c cells to generate neurons when they receive the appropriate signals, as 
o in our neurosphere culture system. The present data are not able to 
o discriminate between these two possibilities. 

"8 The criteria for defining a precursor cell as a stem or progenitor 
3 have been rigorously defined 27 . Because of their apparently limited 
.£ self- renewal capacity, PMPs may be most appropriately termed 
% progenitor cells, and indeed there are other examples of adult tissues 
J- seeded with relatively restricted progenitor cells 8 . However, it remains 
3 possible that the appropriate culture conditions have not yet 
c been determined for their robust self- renewal. Indeed, although 
| hematopoietic stem cells have been studied for decades and have 
S. been demonstrated to self-renew according to stringent in vivo 
g. assays 51 , conditions for the self- renewal in culture have only been 
£ recently described 52 . 

Q- There have been a number of other striking studies suggestive of the 
g multi-germ layer lineage potential of adult bone marrow cells 53 , neural 
O stem cells 54 and perinatal inner ear cells 12 , but to date such cells have 
c* not been isolated from the adult pancreas. PMPs represent the first 
■gj clonally characterized adult somatic cell type from the pancreas 

2 capable of reliably and reproducibly generating progeny characteristic 
ij] of more than one embryonic primary germ layer. 

o> The role of PMPs in vivo will be the subject of future study. Recently 

3 it has been suggested that differentiated (3-cells, rather than putative 
Z pancreatic precursors, may represent the most robust source of new 
g p-cells in vivo 55 . However, this study used insulin expression to mark 
g p-cells, a technique that also may mark putative precursor cells 
© (including PMPs) that may express insulin in vivo. It has also been 
tggv suggested that transformation events occur in vitro and might cause 
gjthe generation of unexpected cell types from various somatic pre- 

cursor cells. However, transformation events manifest themselves over 
longer culture periods than those used in our study, and have different 
phenotypes in different cell isolates 56 . For the consistently observed 
PMP-derived neurons and pancreatic endocrine cells to be the result 
of a transformation, the identical transformation event would have 
had to occur in each of the more than 100 clonal colonies assayed 
from more than 14 separate experiments. This suggests that the 
unusual combination of cell types generated by PMPs was not the 
result of transformation events. 

There is debate regarding the identity of the nestin + adult pancreas 
cells 3 . Because PMPs were present in nestin* and nestin - cell fractions, 
PMP identity cannot be predicted by nestin expression. Other studies 
have similarly suggested that nestin expression is not related to 
pancreatic precursor identity 57,58 * 59 . However, PMP colonies derived 
from nestin + and nestin" precursor cells ultimately expressed nestin in 
the majority of cells, suggesting that nestin may be expressed by 
progenitors downstream of colony-initiating PMPs. Epithelial cells 
were not generated by PMPs, nor did PMP-derived nestin + cells 
coexpress the endothelial cell marker CD31 or the epithelial marker 
E-cadherin, indicating that they may be a different nestin + progenitor 
cell than those suggested to represent rare pancreatic epithelial cell 
progenitors in v/Vo 60,61 * 62,63 . Moreover, in differentiated PMP colonies, 



nestin expression was associated with pancreatic stellate (mesenchy- 
mal) cells, as has been previously described 26,64 . 

We investigated the relationship between PMPs and other 
previously described adult precursors. PMPs do not express 
Oct4 or Nanog, markers expressed by ES cells. Thus, PMPs are likely 
not pluripotent cells that escaped differentiation and seeded the 
adult pancreas, a suggestion that has been made by others 30 to 
explain recent reports of the unexpected plasticity of adult precursors. 
Oct4 also is expressed by multipotential adult precursor cells 
(MAPCs) recently demonstrated to arise from long-term cultures 
of marrow stroma and to generate progeny of all three germ 
layers 53 . Because PMPs do not express Oct4 or have mesodermal 
character, they are unlikely to represent a novel source of 
MAPCs or other bone marrow-derived stem cells of mesodermal 
origin 33,65 . Neural crest markers are not expressed by PMPs, suggest- 
ing they are not derived from this tissue. Thus, we posit that 
PMPs represent a novel intrinsic adult pancreatic precursor cell. No 
pancreatic cells have previously been identified at the single-cell level 
as being capable of generating multiple pancreatic and neural cell 
types. As such, PMPs may represent a promising source of cells for 
replacement therapies. 

METHODS 

Animals, cell isolation and culture. The mice used in these studies included 
6-week-old male Oct4-EGFP animals that express enhanced GFP under the 
control of the Oct4 promoter (a kind gift from A. Nagy), nestin-EGFP animals 
that express enhanced GFP under the control of the 5' nestin promoter and 
nestin second-intron enhancer 28 , GFP animals that constitutively express GFP 
in all cells (Jackson) and wild-type BalbC animals (Charles River). Islets were 
isolated by collagenase digestion of the pancreas and Ficoll density gradient 
centrifugation. After centrifugation islets were handpicked for further purifica- 
tion 66 . Ductal tissue was similarly handpicked to ensure purity. 

Isolated islets and ductal tissue were then incubated with trypsin (Sigma) at 
37 °C and triturated with a small-borehole siliconized pipette into a single cell 
suspension. Viable cells were counted using Trypan Blue (Sigma) exclusion and 
plated at 20 cells ul~ 1 or less in defined serum -free medium (SFM) 67 containing 
lx B27 (Gibco-BRL), 10 ng ml -1 FGF2 (Sigma), 2 ug ml -1 heparin (Sigma) 
and 20 ng ml -1 EGF (Sigma) for 7-14 d in vitro. For some experiments, the 
following growth factors were added: 100 pM hepatocyte growth factor 
(Sigma), 10 ng ml -1 keratinocyte growth factor (Calbiochem), 10 ng ml -1 
insulin-like growth factor- 1 (Upstate Biotech), 2 nmol L" 1 Activin-A (Sigma), 
10 mM nicotinamide (Sigma) and 10 nM exendin-4 (Sigma). 

For clonal analysis, primary cells were diluted to a density of 0.05 cells ul" 1 
and plated in Nunclon 96-weIl plates (Nalge Nunc International). Each well was 
scored after plating for the presence of a single cell. Only wells that contained 
single cells at the outset of the culture period were subsequently assayed for 
colony formation. 

For differentiation, whole individual pancreas colonies were removed from 
the aforementioned mitogen- containing media and transferred to wells coated 
with Matrigel basement membrane matrix (15.1 mg ml" 1 stock diluted 1:25 in 
SFM, Becton-Dickinson) in SFM containing 1% FBS without dissociation. As 
the colony differentiates, cells migrate out of the spherical colony to form a flat 
monolayer. To ensure accurate assay of the progeny from single pancreatic 
precursors, each well contained only a single clonal pancreas colony. 
Neurospheres were generated from adult mice for comparison purposes as 
described previously 8 . 

FACS analysis. Islet and ductal cells were isolated as described, and cells were 
sorted with an EPICS Elite Cell Sorter (Beckman-Coulter). In the case of 
nestin-EGFP and Oct4-EGFP transgenic cells, separate single cell suspensions of 
islet and ductal cells were sorted into separate fractions based on EGFP 
fluorescence. For the Sca-1 sorting experiment, cells were first labeled with 
PE-Sca-1 mouse monoclonal antibody (1:250; Pharmingen) and sorted into 
separate cell fractions based on PE (phyco-erythrin) fluorescence. 
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Immunocytochemistry, cell quantification and statistical analysis. Fixation 

and immunocytochemical analysis of pancreas colonies were done as described 

previously for neurospheres 8 . See Supplementary Methods online for a list of 

the primary and secondary antibodies used, as well as positive control tissues 

for each antibody. For cell quantification, the numbers of neurons, astrocytes, 

oligodendrocytes, p-cells, oc-cells, 5-cells, acinar cells, stellate cells, stellate/ 

neural precursor cells were determined by counting the numbers of 

Pj-tubulin*, GFAP + , 04 + , insulin* cells, glucagon" 1 ", somatostatin*, amylase*, 

SMA + and nestin* cells respectively, as a percentage of DAPI* nuclei in at least 

>• three photographed fields of differentiated cells per colony (« ^ 10 colonies). 

o The absolute number of cells counted per ceD type to determine the percentages 

c (Table 1 ) ranged between 2,000 to 4,000 cells each. Statistical analyses consisted 

o of Students /-tests. A P value <0.05 was considered to represent a significant 

"§ difference between groups. 

A 
9 

^ RT-PCR analysis. Total RNA was extracted from individual colonies using an 
« RNeasy extraction kit (Qiagen). Reverse transcription and PCR were carried 
"I out using a OneStep RT-PCR kit (Qiagen) in a Gene Amp PCR System 9700 
g (Applied Biosystems) according to kit instructions. PCR reactions were 
£ performed for 35-40 cycles because of the relatively small amount of starting 
3 material involved in single-colony RT-PCR. It is important to note that it is 
c difficult to draw conclusions about mRNA quantity from these methods. All 
5 samples were treated with DNAse to avoid contamination with genomic DNA. 
.g Controls run without reverse transcriptase did not produce bands. Forward and 
X reverse primers (5'-3')» expected product size, annealing temperatures and 
£ positive control tissues can be found in the Supplementary Methods online. 
^ Only single colony RNA isolates that were found to express p-actin were 
g considered for further analysis. If p-actin was found in a single colony RNA 
£j isolate but the gene of interest was not, five colonies were pooled and reassayed. 
qj When expression was found in pooled but not single samples, this result was 
.S interpreted as mRNA presence in PMP colonies, but perhaps at low levels. 
tn 

5 RIP-YFP adenovirus and [Ca 2+ h imaging studies. An adenovirus in which the 
jj* expression of enhanced yellow fluorescent protein (EYFP) was placed under the 
0> control of the rat insulin II gene promoter (RJP2) (AdRlP2EYFP) was 
3 constructed as described 22 . Expression of EYFP has been demonstrated to be 
£ restricted to infected insulin* p-cells in whole islets of Langerhans 22 . PMP 
^. colonies were infected with AdRIP2EYFP for 48 h from day 5 to day 7 of 
§ differentiation. Colonies were trypsinized, dissociated and replated on laminin/ 
£J polyornithine-coated glass coverslips for 24 h in RPMI-1640 medium contain- 
^ ing 5 mM glucose, 10% FCS and 10 mM HEPES before imaging. Experiments 
^3jkwere done in a KRB solution consisting of (in mM): 129 NaCl, 4.8 KC1, 
Bg05 NaHC0 3 , 2.5 CaCl 2 , 1.2 MgS0 4 , 1.2 KH 2 P0 4 , 10 HEPES and 0.1% BSA. 
Individual RIP-YFP* cells were visualized and Ca 2 * imaging using Fura2 was 
done on these single cells as previously described 68 . 

Insulin release and content studies. PMP colonies were pooled and differ- 
entiated (8 per well, 96- well Matrigel-coated plates) for 7 d as described. 
TWenty-four hours before secretion studies, the medium was changed to 
supplemented RPMI-1640 medium as ouUined above. Differentiated PMP 
colonies were preincubated in low glucose (2.5 mM) KRB solution (LG-KRB) 
for 1 h. The solution was changed to 1 50 ul of fresh LG-KRB and the cultures 
were incubated for 1 .5 h to establish the basal level of insulin release. Cultures 
were incubated for a further 1 .5 h in either LG-KRB alone or with experimental 
agents (20 mM glucose, 30 nM GLP-1, 10 mM TEA, 100 uM verapamil or 
100 uM carbachol). Insulin was measured using an R1A kit (Linco) (detection 
range, 0.1 - 10 ng/ml). Insulin release during the experimental 1.5 h incubation 
was compared to the level determined during the basal 1.5-h incubation period 
for each individual well to obtain a percent change. The data are expressed 
relative to the percent change measured for the LG-KRB to the LG-KRB 
alone condition. 

Differentiated PMP culture samples collected for insulin content determina- 
tion were prepared as described above for insulin release. Primary islets 
(10 islets/sample) were isolated as described above and cultured for 24 hours 
in Ham's F-10 medium prior to insulin content determination. Insulin content 
samples (n = 8 samples from 3 separate experiments) were incubated overnight 
at 4°C in acid/ethanol to extract total insulin and DNA. Insulin was measured 



using RIA, and DNA was quantified spectrophotometrically using a BioPhoto- 
meter6131 (Eppendorf). 

Note: Supplementary information is available on the Nature Biotechnology website. 
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Prospective Isolation of Multipotent Pancreatic 
Progenitors Using Flow-Cytometric Cell Sorting 

Atsushi Suzuki, 1,2 Hiromitsu Nakauchi, 3 and Hideki Taniguchi 2 ' 4,5 



During pancreatic development, neogenesis, and regen- 
eration, stem cells might act as a central player to 
generate endocrine, acinar, and duct cells. Although 
these cells are well known as pancreatic stem cells 
(PSCs), indisputable proof of their existence has not 
been reported. Identification of phenotypic markers for 
PSCs leads to their prospective isolation and precise 
characterization to clear whether stem cells exist in the 
pancreas. By combining flow cytometry and clonal anal- 
ysis, we show here that a possible pancreatic stem or 
progenitor cell candidate that resides in the developing 
and adult mouse pancreas expresses the receptor for 
the hepatocyte growth factor (HGF) c-Met, but does not 
express hematopoietic and vascular endothelial anti- 
gens such as CD45, TER119, c-Kit, and Flk-1. These cells 
formed clonal colonies in vitro and differentiated into 
multiple pancreatic lineage cells from single cells. Some 
of them could largely expand with self -renewing cell 
divisions in culture, and, following cell transplantation, 
they differentiated into pancreatic endocrine and acinar 
cells in vivo. Furthermore, they produced cells express- 
ing multiple markers of nonpancreatic organs including 
liver, stomach, and intestine in vitro. Our data strongly 
suggest that c-Met/HGF signaling plays an important 
role in stem/progenitor cell function in both developing 
and adult pancreas. By using this antigen, PSCs could be 
isolated prospectively, enabling a detailed investigation 
of stem cell markers and application toward regenera- 
tive therapies for diabetes. Diabetes 53:2143-2152, 
2004 
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The pancreas is an organ consisting of three major 
different structures: the islets of Langerhans, 
acinar tissue, and ductal epithelia. The islets are 
composed of neatly arranged endocrine cell pop- 
ulations (glucagon-producing a-cells, insulin-producing 
p-cells, pancreatic polypeptide [PP]-producing -y-cells, and 
somatostatin-producing 8-cells). The acinar cells that se- 
crete various enzymes, such as amylase and lipase, into 
the intestine, comprise a system of terminal or intercalary 
acini joined by ducts. During pancreatic organogenesis, 
these endocrine and acinar tissues seem to be developed 
from a common cell component associated with the 
pancreatic ductal epithelium (1-4). Thus, pancreatic stem 
cells (PSCs) responsible for both endocrine and acinar 
tissue formation are thought to reside in the pancreatic 
ducts. Identification and isolation of PSCs have generated 
much interest due not only to their putative developmental 
importance but also to their therapeutic potential. 

Candidate PSC in mouse and human has been reported 
(5-7). They were derived from pancreatic ductal cell 
components and maintained in long-term culture, where 
they could differentiate into multilineage cell types. These 
cells possess characteristics very similar to those of neural 
(8,9), epidermal (10,11), mesenchymal (12), myogenous 
(13), and retinal (14) stem cells that can also propagate in 
culture. The value of stem cells expanded in vitro is 
expected to be great not only in conventional studies of 
their differentiation or self-renewing potential but also in 
therapy, such as with virus-mediated gene transfer, or as a 
theoretically unlimited source of cells. Characterization of 
those PSC candidates, however, has always been carried 
out retrospectively, after expansion of crudely isolated 
cells in culture for a relatively long period. Therefore, it 
has still not been determined which cells possess stem cell 
activity in vitro as well as in vivo. To distinguish PSCs from 
other cell types precisely, their prospective identification 
and single cell- based analysis are required. 

The hematopoietic stem cells, probably the best-charac- 
terized stem cell population, were prospectively identified 
and isolated based on expression of cell surface antigens 
by flow cytometry (15-17). Although their self-renewing 
ability could not be maintained easily in vitro, prospective 
identification facilitated rapid progress toward an under- 
standing of these cells' properties and yielded information 
on genes specifically expressed in this cell population 
(18,19). Several recent studies using fluorescence-acti- 
vated cell sorting (FACS) have been conducted to isolate 
stem cell populations in neural tissue (20,21) and liver 
(22-24). These prospective studies have not only given us 
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information about specific characteristics of stem cells, 
but have also allowed us to separate them selectively from 
differentiated cells. 

In the study reported here, we combined monoclonal 
antibodies and FACS to fractionate cells derived from 
neonatal and adult mouse pancreas based on surface 
marker expression. By using an in vitro clonal colony- 
forming assay system that was established previously (25), 
we analyzed cells sorted from distinct fractions and at- 
tempted to identify pancreatic stem/progenitor cells pro- 
spectively to determine their capacity for differentiation 
and proliferation. In order to enrich the yield of colony- 
forming cells and thereby permit clonal analysis of this cell 
class, we attempted in the present study to sort for cells 
expressing c-Met, the hepatocyte growth factor (HGF) 
receptor. Interaction between c-Met and HGF, which is 
mediated by a signal exchange between epithelial and 
mesenchymal cells (26), plays an essential part in pancre- 
atic development (27,28). This interaction also is active in 
the regeneration and carcinogenesis of this organ (29-31). 
In addition, the number of islet-like structures budding out 
from cultured ductal epithelial cells is increased by HGF 
(6). These findings, taken together, suggest that c-Met/ 
HGF interaction is critically responsible for growth and 
differentiation of pancreatic stem and progenitor cells 
during development, homeostatic cell turnover, and 
regeneration. 

Our current data demonstrate that clonal colonies de- 
rived from c-Met-positive cells contained cells expressing 
several markers for endocrine, acinar, and ductal lineage 
cells. These results strongly suggest that cells initiating 
colony formation are defined as PSCs or common progen- 
itors for those cell types. Several c-Met-positive sorted 
cells continued growing with self-renewing cell divisions, 
and, only from this cell subpopulation, many cell aggre- 
gates budded from monolayer cells emerged in long-term 
culture. These cell aggregate-producing cells (CAPCs) 
could differentiate clonally into multiple pancreatic lin- 
eage cells in vitro and in vivo. Furthermore, they could 
generate daughter cells expressing several marker genes 
for other organs of endodermal origin such as the liver, 
stomach, and intestine in vitro. These findings indicate 
that candidate PSCs or progenitors express c-Met, that 
their numbers can be enriched, and that they can be 
isolated using flow cytometry. 

RESEARCH DESIGN AND METHODS 

Dissociation of pancreatic cells. Single-cell suspensions of pancreas- 
constituting cells were prepared from C57BL/6 mouse neonates (1 day after 
birth) and adults (12 weeks old) (Clea, Tokyo, Japan). The pancreas was 
carefully dissected under the microscope, minced by a razor blade, and placed 
in Ca 2+ -free Hanks' balanced salt solution (HBSS; Life Technologies, Gaith- 
ersburg, MD) containing 5 mmol/1 CaCl 2 (pH 7.4) and 0.05% or 0.15% 
collagenase (cat no. C-5138; Sigma Chemical, St Louis, MO) for either 
neonatal or adult pancreas. Digestion was carried out by gentle pipetting after 
incubation for 10-15 min at 37°C. Triturated pancreatic cells were washed 
three times in the medium before the incubation with antibodies. Cell viability 
exceeded 85% (neonates) or 70% (adult) as assessed by trypan blue dye 
exclusion. 

Flow cytometry. Dissociated pancreatic cells were incubated on ice for 30 
min with biotinylated anti-CD45, TER119, and c-Kit (for adult pancreas) 
monoclonal antibodies (mAbs) (Pharmingen, San Jose, CA) and c-Met mAb 
(Upstate Biotechnology, Lake Placid, NY). After three washings with staining 
medium (PBS containing 3% fetal bovine serum), cells were incubated with 
fluorescein isothiocyanate- conjugated anti-mouse IgG^ mAb (Pharmingen), 
allophycocyanin-conjugated anti- c-Kit mAb (Pharmingen) (for neonatal pan- 



creas), phycoerythrin-conjugated anti-Flk-1 mAb (Pharmingen), and strepta- 
vidin-labeled Texas Red (Life Technologies) on ice for 30 min. Finally, cells 
were washed three times and resuspended in staining medium containing 
propidium iodide (5 u.g/ml). The labeled cells were analyzed and separated 
using FACS Vantage (Becton Dickinson, San Jose, CA). Establishment of the 
gate was based on the staining profiles of the negative control. 
Cell sorting. After CD45 + or TER119 + hematopoietic cells from neonatal 
pancreas were gated out, sorting gates were set for c-Met^ c-Kit", c-Met~ c-Kit + , 
c-Met + c-Kit f , and c-Met" c-Kit" subpopulations. Furthermore, by using antibod- 
ies against Flk-1, c-Met + c-Kit~ CD45" TER119" cells were further fractionated 
Similarly, cells positive for CD45, TER1 19, and/or c-Kit in adult pancreas were 
gated out After exclusion of Flk-1 + cells from the c-Kit~ CD45" TER119" cell 
subpopulation, sorting gates were set for c-Met + Flk-1~ c-Kit" CD45" TER119" 
and c-Met + Flk-1 + c-Kit" CD45" TER119" cell subpopulations. For low-density 
culture analysis, sorted cells were plated on 35-mm tissue culture dishes (Becton 
Dickinson) at a density of 200 cells/cm 2 . For single-cell culture analysis, sorted 
cells were plated on 96-well tissue culture plates (Becton Dickinson). The nozzle 
size of the FACS Vantage is 70 urn. Sort speed is < 1,000 cells/s. Residual 
erythrocytes, debris, doublets, and dead cells were excluded by forward scatter, 
side scatter, and propidium iodide gating. Viability of sorted cells exceeded 90% 
as assessed by trypan blue exclusion. 

In vitro colony assay. Sorted cells from neonatal pancreas were cultured in 
our fresh standard medium (23). Our standard culture medium is a 1:1 mixture 
of Dulbecco's modified Eagle's medium and F-12 (Sigma) with 10% fetal 
bovine serum (Serologicals, Norcross, GA), ^-insulin (1 mg/ml; Wako, Tokyo, 
Japan), dexamethasone (1 X 10~ 7 mol/1; Sigma), nicotinamide (10 mmol/1; 
Sigma), L-glutamine (2 mmol/1; Life Technologies), (3-mercaptoethanol (50 
mmol/1; Sigma), HE PES (5 mmol/1; Wako), and penicillin/streptomycin (Life 
Technologies), For single-cell culture analysis of adult pancreatic cells, we 
used 50% standard medium supplemented with medium conditioned by 7-day 
culture with STO cells. Human recombinant HGF (50 ng/ml; Sigma) and 
epidermal growth factor (EGF) (20 ng/ml; Sigma) were added 24 h after 
culture initiation. EGF was used in combination with HGF because several 
reports have represented a mitogenic effect of EGF for pancreatic cells 
(32-34). In this series of experiments, we routinely added both of them into 
the culture medium. To induce differentiation, glucagon-like peptide (GLP>1 
(1-37) or GLP-1 (7-36) (Sigma) was supplemented into single-cell cultures of 
adult pancreatic cells. During the culture period, cells were incubated at 37°C 
in a humidified atmosphere of 5% C0 2 . The number of epithelial-like colonies 
(ECs) was determined after 8 days of culture. 

RT-PCR analysis. Detection of lineage-specific gene expression in each 
clonal colony by RT-PCR was conducted as described (23). Primer sequences 
are as follows (many have been presented already in our previous work 
[23,24]; those that have not are given in parentheses): a-cell marker prepro- 
glucagon and fj-cell markers preproinsulin I, preproinsulin II, islet amyloid 
polypeptide QIAPP), and glucose transporter-2 (glut-2) (5'-ACA GAG CTA 
CAA TGC AAC GTG G^3' and 5'-CAA CCA GAA TGC CAA TGA CGA T^3'); 
7-cell marker PP (5'-CTC CCT GTT TCT CGT ATC CA-3' and 5'-AGA GCA 
GGG AAT CAA GCC AA-3'); 8-cell marker preprosomatostatin, acinar cell 
markers amylase-2 and hormone-sensitive (HS) lipase, and ductal cell markers 
cytokeratin 19 and carbonic anhydrase II (5' -AAC GTT GAG TIT GAT GAC 
TCT-3' and 5'-AGT TGT CCA CCA TCG CTT CTT-3'); and a miscellaneous 
gene nestin (5'-AGA AGAGCA GAA CTT AGA AT-3' and 5'-TAG AGG ITT 
CAC AAT TCT CT-3')- Hepatocyte-related markers included albumin, a-feto- 
protein, and glucose-6-phosphatase. Intestine/stomach-related markers in- 
cluded intestinal fatty-acid binding protein (fabp-2), gastric inhibitory peptide 
(GIF), cholecystokinin (CCK) t tryptophan hydroxylase (TPH), gastrin (35), 
and pepsinogen F. Primers for transcriptional factors were also used as 
follows: pancreas duodenal homeobox (Ptte)-1, neurogenin 3 (ngnS) (5'-AGT 
GCT CAG TTC CAA TTC CAC-3' and 5'-AAG AAG TCT GAG AAC ACC 
AGT-3'), hepatocyte nuclear factor (HNF)-1, HNF-3a, HNF-3p, HNF-3^, 
HNF-4, and HNF-6 (5'-ATG ACC ATG GCC TGT GAA ACT-3' and 5 -ATT CAG 
GTG GGC ATG AGG AT-3'). As a positive control, primers for hypoxanthine 
phosphoribosyl transferase (HPRT) were also prepared. PCR cycles were as 
follows: initial denaturation at 95°C for 4 min, followed by 35-45 cycles of 
94°C for 1 min, 55°C for 1 min, 72°C for 1 min, and final extension at 72°C for 
10 min. PCR products were separated in 2% agarose geL 
Immunocytochemistry. Cells in each colony were cultured for 12 days. They 
were then washed three times with PBS and fixed first with 4% phosphate- 
buffered paraformaldehyde for 5 min at room temperature and then with 25% 
acetone in methanol for 1 min at room temperature. After the fixation, cells 
were washed in PBS containing 0.05% polyoxyethylene (20) sorbitan mono- 
laurate (Tween 20) (Wako) and treated with 0.2% Triton X-100 (Sigma) for 1 h 
at room temperature. Nonspecific binding was blocked with 10% nonimmune 
serum of the species from which the secondary antibody had been obtained. 
Fixed cells were incubated with primary antibody goat anti-insulin (Santa 
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Cruz Biotechnology, Santa Cruz, CA), mouse anti-glucagon (Sigma), rabbit 
anti-somatostatin (Afllniti Research Products, Exeter, U.K.), or rabbit anti- 
amylase (Sigma) in a moist chamber for 16 h at 4°C. After washing in 
PBS-Tween 20 and blocking, cells were incubated with Alexa 488 -conjugated 
donkey anti-goat IgG (Molecular Probes, Eugene, OR), Cy3-conjugated don- 
key anti-mouse IgG (Jackson I miiumo Research Laboratories, West Grove, 
PA), or Cy3-conjugated donkey anti-rabbit IgG (Jackson Immuno Research 
Laboratories) for 3 h at 4°C, respectively. After final washing, cells were 
viewed using a Zeiss LSM510 laser scanning microscope. 
Immunohistochemistry. Neonatal and adult pancreatic tissues were fixed in 
4% phosphate-buffered paraformaldehyde overnight at 4°C, dehydrated over- 
night in 20% sucrose at 4°C, and then embedded in OCT compound. Cryostat 
sections of these tissues were dried and fixed secondarily by acetone for 10 min 
at room temperature. Sections were dried at -20°C overnight, washed with 
PBS-Tween 20, and treated with 0.2% Triton X- 100 for 1 h at room temperature. 
For CA n and Flk-1 staining, tissues were treated with 10 mmol/1 citric buffer (pH 
6.0) for 1 h at 37°C between wasliing and Triton treatment After washing in 
PBS-Tween 20 and blocking, tissues were incubated with the following primary 
antibodies In a moist chamber for 16 h at 4°C: goat anti-insulin, mouse anti- 
glucagon, goat anti-amylase (Santa Cruz Biotechnology), rabbit anti-Met (Santa 
Cruz Biotechnology), sheep anti-CAIl (The Binding Site, Birmingham, U.K.), or 
goat anti-Flk-1 (Santa Cruz Biotechnology). As secondary antibodies, we used 
Alexa 488- conjugated goat anti-rabbit IgG (Molecular Probes), Alexa 488- 
conjugated donkey anti-goat IgG, Alexa 488- conjugated donkey anti-sheep IgG, 
Cy3-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories), 
and Cy3-conjugatcd donkey anti-rabbit IgG. Stained tissues were viewed using a 
Zeiss LSM510 laser scanning microscope. 

Retroviral infection. Production of a retroviral vector is described else- 
where (24). For marking of a CAPC clone with enhanced green fluorescent 
protein (EGFP), concentrated virus supernatant was added to 6- well plate 
cultures in which cells had grown up to 40-50% confluence in 2.5 ml of 
standard medium with 5 u.g/ml protamine sulfate (Sigma) followed by 
"spinoculation" (36). Residual virus was eliminated by washing the cells with 
PBS and changing the medium after 24 h. EGFP-positive cells were identified 
by FACS Vantage. 

Cell transplantation. After the initiation of clonal culture, we maintained 
EGFP-tagged cells in culture by replating them every 7 days. Donor cells were 
usually prepared from cells obtained at these passage points, EGFP-tagged 
cells were trypsinized, washed, and resuspended at a concentration of 2 X 10° 
cells in 100 u.1 standard medium. They were then injected into pancreata of 
recipient mice through the common bile duct (C57BL/6, 4 weeks old, n = 5; 
Clea) under anesthesia. We also injected standard medium without cells as a 
negative control (n = 5). 



RESULTS 

Flow-cytometric isolation and enrichment of cells 
with high growth capacity in the neonatal pancreas. 

To examine the growth and differentiation potential of 
c-Met-positive cells in the pancreas, neonatal pancreata 
were dissociated and fractionated into four subpopula- 
tions by FACS, using antibodies to c-Met and c-Kit (stem 
cell factor receptor) after excluding hematopoietic cells 
identified by the expression of CD45 (leukocyte common 
antigen) and TER119 (a molecule resembling glycophorin 
and exclusively expressed on immature erythroid cells). 
Because Rachdi et al. (37) showed that c-Kit is expressed 
in some mature 0-cells residing in islets, we attempted to 
eliminate such cells by using an antibody against c-Kit. 
Nonhematopoietic CD45" TER1 19" cells comprised 
37.8 ±4.11% of the initial population (mean ± SD). These 
cells were further subfractionated into the following 
groups: i) c-Met + c-Kit + cells (0.01 ± 0.02%), 2) c-Met + 
c-Kit" cells (0.99 ± 0.11%), S) c-Met" c-Kit f cells (0.81 ± 
0.07%), and 4) c-Met' c-Kit" cells (35.9 ± 2.97%) (Fig. LA). 
The proliferation of cells in each subpopulation was then 
examined in vitro. 

We previously set up culture conditions (25) in which 
single cells proliferated to form clusters of up to several 
hundred cells. Sorted cells adhered to the culture dishes 
and formed clonal colonies as culture proceeded (Fig. IB- 



E). Cells were initially cultured at 200 cells/cm 2 , but only 
20-30% of cells adhered to the culture dish; nonadherent 
cells were removed by changing the medium. This clonal 
density of the culture allowed colonies to form separately 
from each other. At day 8 of culture, colonies formed by 
morphologically identified epithelial-like cells (ECs) were 
seen (Fig, IF and G). The cell that had initiated the 
formation of these colonies was provisionally designated 
as an EC-forming cell (ECFC). In addition to epithelial-like 
cells, fibroblast-like cells can grow, but not extensively. 
Fibroblast-like cells, however, do not express any marker 
genes for endocrine and exocrine pancreatic cells. 

In in vitro colony assays of FACS-sorted cells, few ECs 
or none were found in CD45 + , TER119+, c-Met + c-Kit + 
CD45" TER119", c-Met" c-Kit + CD45" TER119", and 
c-Met~ c-Kit" CD45" TER119" cell populations. Most 
were found in c-Met + c-Kit" CD45" TER119" cells. Sort- 
ing for c-Met + c-Kit" CD45" TER119" cells achieved 13.1- 
and 9.4-fold enrichment of ECFCs compared with total 
neonatal pancreatic cells and CD45" TER119" cells, re- 
spectively (Fig. IH), 

Since c-Met is also expressed in vascular endothelial 
cells and HGF works as an angiogenic factor (38,39), we 
conducted further fractionation of the c-Met + c-Kit~ 
CD45" TER119" cell subpopulation into the following two 
distinct subpopulations by using an antibody against the 
vascular endothelial cell marker Flk-1: 7) c-Met + Flk-1 ' 
c-Kit" CD45" TER119" cells (0.26 ± 0.03%) and 2) c-Met + 
Flk-1" c-Kit" CD45" TER119" cells (0.59 ± 0.01%) (Fig. 
17). In cultures with a clonal density of 200 cells/cm , 
ECFCs were identified mostly from the c-Met + Flk-1" 
c-Kit" CD45~ TER119" cell subpopulation (Fig. 1J). 
Differentiation potential of ECFCs. We next examined 
the differentiation potential of ECFCs. Cells in each EC 
were analyzed by RT-PCR to identify the expression of 
genes encoding several markers for pancreatic endocrine 
(ot-cell, preproglucagon; p-cell, preproinsulin I and II; 
7-cell, PP; and 8-cell, preprosomatostatin), acinar (amy- 
lase 2 and HS lipase), and ductal (cytokeratin 19 and 
carbonic anhydrase II) cells. Although it was difficult to 
find cells expressing these markers, aside from cytokera- 
tin 19, before day 5 of culture, ECFCs exhibited various 
differentiation patterns at day 12 (Table 1). Most colonies 
contained two (21.4%; n = 28 colonies assessed), three 
(32.1%), four (28.6%), or five (17.9%) lineage cell types. 
Eleven colonies (39.3%) contained cells that were differ- 
entiating into all three m^jor cell types: endocrine, acinar, 
and ductal. Immunocytochemical analysis also showed 
that ECs contained cells positive for insulin, glucagon, 
somatostatin, or amylase at day 12 (Fig. 2). These results 
indicate the multipotency of ECFCs. 
Localization of c-Met-positive cells in the pancreas. 
In order to determine where c-Met-positive cells localize 
in the developing mouse pancreas, we performed immu- 
nohistochemical staining of neonatal pancreas with an 
anti-Met antibody. Positive cells were detected in acinar 
tissues (Fig. 3A-C) and also in some ducts (Fig. 3D-F) and 
vascular endothelia (Fig. 3G-K). The percentage of c-Met- 
positive cells that we estimate is <0.5% in acinar cells, 
<1% of ducts, and <10% of blood vessels. c-Met-positive 
ductal or vascular endothelial cells coexpressed either 
carbonic anhydrase II or Flk-1 (Fig. 3D-F and I-K). In 
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FIG. 1. Flow cytometric isolation and enrichment of colony-forming cells in the neonatal pancreas. 4: CD45 + or TER119 + hematopoietic cells were 
gated and removed from the initial pancreatic tissue specimen. Nonhematopoietic (CD45~ TER119") cells were fractionated based on c-Met and 
c-Kit expression. Percentages of fractionated cells are shown at the top of each panel. For in vitro colony assay, sorting gates were set for the 
c-Met" c-Kit*, c-Met" c-Kit~, c-Met + c-Kit + , and c-Met + c-Kit" subpopulations. Establishment of the gate was based on the staining profiles of 
the negative control (IgG control). Representative data are shown for six independent experiments. B-G: Formation of a colony derived from a 
sorted cell in culture. Under the clonal density culture (200 cells/cm 2 in each 35-mm tissue culture dish), a single sorted cell attached itself to 
the culture dish after 12 h (B). The cell then began to divide and formed a colony after 48 (C), 72 (D), and 120 h (£). Scratches in the substrate 
serve to identify the field. F and G: A colony continued to grow, generating an EC at day 8. H: The number of ECs was counted after 8 days in 
the clonal density culture (200 cells/cm 2 ). /: We further fractionated the c-Met + c-Kit~ CD45" TER119" cell subpopulation into two 
subpopulations by using antibodies against a vascular endothelial cell marker Flk-1. For in vitro colony assay, sorting gates were set for the 
c-Met + Flk-1 + c-Kit" CD45" TER119" and c-Met + Flk-1" c-Kit" CD45" TER119" cell subpopulations. J: The number of ECs was counted after 8 
days in the clonal density culture (200 cells/cm 2 ). H and J: The graphs show the average of 18 dishes for each cell subpopulation in six independent 
experiments. *Mann-Whitney U test: P < 0.001. Scale bar: 100 urn. 



contrast, c-Met- expressing cells in acinar tissues were not 
positive for any markers of pancreatic lineage cells (Fig. 
3C, data not shown). In the human pancreas, it has been 
reported (27) that c-Met is expressed in P-cells, for which 
HGF acts as a mitogen. We detected some weakly c-Met- 
positive cells in mouse islets, but its expression was not 
consistent; it appeared to vary from location to location. 
Alternatively, c-Met expression within p-cells may have 



been specific to a particular strain or cellular developmen- 
tal stage, occurring only during growth, differentiation, or 
functional maturity. 

In the adult pancreas, stem/progenitor cells are thought 
to reside in the pancreatic ducts. Our present study shows 
that ductal cells, as well as some acinar cells, in the 
neonatal pancreas express c-Met and that they can be 
sorted using FACS. Therefore, we speculated that some 
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HPRT, hypoxanthine phosphoribosyltransferase. 
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FIG. 2. In vitro multilineage colony formation from sorted c-Met* 
Flk-1" c-Kit" CD45 - TER119" cells. c-Met + Flk-1~ c-Kit" CD45" 
TER119" cells were sorted, cultured for 12 days, and allowed to form 
ECs. Then, immunocytochemical double staining was conducted on EC 
constituent cells. A: Insulin (green) and glucagon (red). B: Insulin 
(green) and somatostatin (red). C: Insulin (green) and amylase (red). 
Scale bar: 50 >im (A-C). 

ductal cells in the adult pancreas would also be positive 
for c-Met. Expectedly, immunohistochemical analysis re- 
vealed that c-Met is expressed in adult pancreas in similar 
regions as seen for neonatal tissues, including ductal, 
acinar, and vascular endothelial cells (Fig. 3L-Q). These 
data show that the expression of c-Met is maintained in 
some restricted regions from developing through the adult 
stage, suggesting that c-Met-positive cells in the adult 
pancreas would possess stem/progenitor cell characteris- 
tics, similar to neonatal c-Met-positive cells. 
Isolation and characterization of c-Met-positive cells 
in adult mouse pancreas. We next tried to isolate 
c-Met-positive cells from the adult pancreas and examine 
the growth and differentiation potential of these cells. 
Cells obtained from the adult pancreas were fractionated 
by FACS using antibodies against c-Met, Flk-1, c-Kit, CD45, 
and TER119 (Fig. 44). Similar to neonates, sorting of 



c-Met + Flk-1 ~ c-Kit" CD45" TER119" ceDs in the adult 
pancreas achieved high enrichment of adult ECFCs (Fig. 
4Z?). Although a few cells exhibited autofluorescence, they 
do not form colonies in culture. High enrichment of 
ECFCs permitted efficient culture of clone-sorted c-Met + 
Flk-1~ c-Kit" CD45" TER119" cells for analyses of their 
differentiation potential. Cells identified upon clone sort- 
ing by flow cytometry were cultured in individual wells of 
96-well plates. Each well was examined under a micro- 
scope after clone sorting to confirm the deposition of a 
single cell. Once a cell sorter is acUusted for optimal setting 
before the experiment, we seldom find wells with more 
than two cells after clone sorting. When we found these 
wells, we excluded them from samples for analysis. 

To examine the differentiation potential of adult ECFCs, 
imniunocytochemistry and RT-PCR were performed on EC 
constituent cells. They strongly express the ductal cell 
marker cytokeratin 19; however, no insulin, glucagon, 
somatostatin, or amylase expression was detected (Fig. AC 
and D, data not shown). RT-PCR analysis also revealed 
that all examined ECs contained cells positive for CK19 
and c-Met, but none expressed any endocrine cell markers 
(Table 2). However, Pdx-1, expressed in differentiating 
ductal cells, and an acinar cell marker, HS lipase, were 
expressed in cells from several ECs. These results suggest 
that supplemental factors would be required for such cells 
to differentiate into functional cells. Therefore, we sought 
to induce lineage marker expression in isolated cells using 
GLP-l, especially GLP-1 (7-36) and GLP-1 (1-37), which 
can induce differentiation of p-cells in the pancreas (40) or 
activate insulin gene expression in intestinal epithelial 
cells (41), respectively. In cultures with these peptides, 
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FIG. 3. Localization of c-Met-positive cells in the mouse pancreas. A-C: In the neonatal pancreas, a few c-Met-positive cells resided in acinar 
tissues (£, arrow), but not in islets. Note that c-Met was detected In cells expressing no endocrine or acinar cell markers. A: Insulin (green) and 
amylase (red). B: A serial section of A was stained by anti- c-Met antibody (red, shown as arrow). C: A serial section of A was stained by antibodies 
against amylase (green) and c-Met (red). D-F: c-Met-positive cells were found in some ducts. D: c-Met (red). E: CAII (green). Ft Merge. G-K: 
Cells residing in several vascular endothelia also expressed c-Met. G and /: c-Met (red). H: Hematoxylin and eosin stain. J: Flk-1 (green). Kt 
Merge. L-N: In the adult pancreas, c-Met is expressed in ductal cells (L, arrow), vascular endothelial cells (£, arrowheads), and cells residing 
around acinar tissues (Af and AT, arrow). Note that these immunoreactive regions for c-Met are maintained from the neonatal through the adult 
stage. O-Q: c-Met-positive ductal cells in the adult pancreas also expressed the ductal cell marker CAII. O: c-Met (red). P: CAII (green). Q: Merge. 
Scale bar: 100 \im {A, B, G, H, and L-AT), 50 |im {D-F and I-K\ 25 jim (C), and 10 |im (O-Q). 
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expression of several marker genes, including insulin 
genes, emerged in cells derived from some ECFCs (Table 
2). These data suggest that c-Met is a convenient cell 
surface marker of cells with high proliferative capacity 
and multiple differentiation potential in adult pancreas, 
and it is useful to isolate such cell populations by using 
FACS to examine their characteristics clonally. Since our 
culture environment, however, is still not sufficient to 
induce complete differentiation of adult ECFCs into endo- 
crine and acinar cells, further investigation of their poten- 
tial for differentiation is required. 

Cell expansion from sorted neonatal c-Met-positive 
cells. When we cultured no-gated cells derived from 
neonatal pancreas at high density (1,000 cells/cm 2 ), sev- 
eral epithelial-like cells proliferated, reaching semiconflu- 
ency after 1 month in culture. They also produced cell 



FIG. 4. Flow cytometric isolation and enrichment of colony- 
forming cells in the adult pancreas. A: After CD45 + } TER119+, 
or c-Kit + cells from the adult pancreas were gated out, c-Kit" 
CD45" TER119~ cells were fractionated by Flk-1 expression, 
and finally Flk-1" c-Kit" CD45" TER119" cells were further 
fractionated by c-Met expression. Percentages of the fraction- 
ated cells are shown at the top of each panel. Establishment of 
the gate was based on the staining profiles of the negative 
control. Representative data are shown for six independent 
experiments. B: The number of adult ECs was counted after 8 
days in the clonal density culture (10 cells/cm 2 ). This graph 
shows the average of 18 dishes for each cell subpopulation from 
six independent experiments. C and D: Formation of a clonal 
colony derived from a sorted c-Met + Flk-1~ c-Kit~ CD45" 
TER119" cell 2 weeks after the initiation of single cell culture. 
Almost all colony-constituent cells were positive for the ductal 
cell marker cyto keratin 19. *P < 0.001. Scale bar: 100 jim. 



aggregates that mimicked pancreatic islet structures. We 
provisionally designated cells that produce such aggre- 
gates as CAPCs. Ramiya et al. (6) reported that these 
islet-like structures were generated from stem cells de- 
rived from ductal epithelia as culture proceeded. Although 
the culture conditions were different, similar cells also 
appeared in our culture condition. To determine which 
cell subpopulation contained these CAPCs in vivo, we 
cultured directly sorted cells from neonatal pancreas using 
antibodies for c-Met, Flk-1, c-Kit, CD45, and TER119. 
When we cultured cells at low density (<200 cells/cm 2 ), it 
was difficult to find cells 1 month later. However, in 
middle- to high-density culture conditions (500-1,000 
cells/cm 2 ), cells sorted into no-gated, CD45" TER119", 
c-Met + c-Kit" CD45" TER119", and c-Met + Flk-1* c-Kit" 
CD45" TER119" cell subpopulations proliferated and gen- 



TABLE2 

Expression of various marker genes in independent adult epithelial colonies in single cell culture 
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(7-^36) 
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HPRT, hypoxan thine phosphoribosyltransferase. 
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FIG. 5. Clonal analysis of CAPCs derived from c-Met + Flk-1" c-Kit" CD45~ TER119" sorted cells. A: Islet-like cell aggregates that budded from 
the monolayer cell sheet were observed in long-term cultures of neonate-derived c-Met + Flk-1~ c-Kit~ CD45~ TER119~ cells (arrowheads). B: The 
CAPCs were then clone sorted by FACS and individually cultured in 96-well tissue culture plates. Second and third clone sortings were also 
conducted by using cells included in a clonal colony. Scale bar: 50 u,m. 



erated cell aggregates (Fig. 5A). No cells were found when 
we cultured cells from other cell subpopulations, even at 
much higher-density conditions (> 10,000 cells/cm 2 ). 
These results show that CAPCs express c-Met but not 
Flk-1, c-Kit, CD45, or TER119 in the neonatal pancreas. 

To characterize these cells clonally, we conducted sin- 
gle-pass sorting by FACS and cultured them in individual 



wells of 96-well plates (Fig. bB, first clone sorting). Colo- 
nies were formed by 3.13 ± 1.04% of sorted CAPCs 
(average of six plates [576 wells], three independent 
experiments). Among the progeny of a single cell, the 
expression of genes characteristic of not only pancreatic 
endocrine and acinar lineages, but also for progenitor cells 
(Pdx-ly ngn3, and nesting was detectable (Table 3). 



TABLE 3 

Expression of various marker genes in independent colonies after serial clone sorting of CAPCs 
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CCK, cholecystokinin; GIP, gastric inhibitory peptide; HPRT, hypoxanthine phosphoribosyltransferase; IAPP, islet amyloid polypeptide; TPH, 
tryptophan hydroxylase. 
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EGFP 



Furthermore, the expression of hepatocyte- and intestinal/ 
stomach-related genes was also detected (Table 3). To 
examine whether CAPCs expanded with self-renewing cell 
divisions, we conducted subcloning experiments for cells 
in a CAPC-derived colony (Fig. 5B y second and third clone 
sorting). In Table 3, secondary formed colonies (colony 
number 6-10) and tertiary formed colonies (colony num- 
ber 11-15) were derived from cells in the colonies num- 
bered 1 and 6, respectively. RT-PCR analysis showed that 
various endoderm marker genes were expressed in colo- 
nies formed by second and third single-cell sorting, similar 
to primary formed colonies (Table 3). These data indicate 
that long-term cultured c-Met + Flk-1" c-Kit" CD45~ 
TER119" cells can differentiate into multiple cell types in 
endodermal organs, while they maintain multipotent cells 
by self-renewing cell divisions. 

In vivo differentiation of clonally expanding CAPCs. 
In order to determine whether a clonally expanding CAPC 
in culture could differentiate into both pancreatic endo- 
crine and acinar cells in vivo after transplantation, we 
injected them through the common bile duct into a recip- 
ient pancreas. Cells derived from colony 1 (Table 3) were 
used for this in vivo analysis. Before cell transplantation, 
donor cells were marked genetically with EGFP by retro- 
virus infection to distinguish donor cells from recipient 
cells (Fig. 6A). The concentrated vesicular stomatitis virus 
pseudotyped retrovirus allowed high transduction fre- 
quencies, and >85% of cells highly expressed EGFP after 
a single round of infection (Fig. 6B). 

At 1 month posttransplantation, all five recipient mice 
exhibited donor cell integration into pancreatic tissues. 
Staining for the P-cell marker insulin, a-cell marker gluca- 
gon, and acinar cell marker amylase showed that donor 
cells had given rise to both endocrine and acinar cells in 
vivo (Fig. 6(7). However, engrafted cells were widely 
scattered in the pancreas, and few of them existed with 
recipient a- and p-cells in islets. Integration and engraft- 
ment of donor cells in islets might require an adequate 
tissue injury for islet neogenesis. Because the engraftment 
of donor cells was slightly found, it is also required to 
improve the protocol of cell transplantation and to prepare 
a number of transplantable functional cells to realize the 
repopulation of islet and acinar tissues. This result, how- 
ever, is the first report to show that derivatives of a single 
cell can survive in the pancreas for at least 1 month and 



FIG. 6. Clonally expanding CAPCs in cul- 
ture can differentiate into pancreatic endo- 
crine and acinar cells in vivo. A: For use as 
donor cells, an expanding CAPC clone was 
marked genetically with EGFP by retrovi- 
rus infection. B: After a single round of 
infection, FACS analysis revealed that 
85.4 ± 4.2% (mean ± SD) of cells highly 
expressed EGFP (n = 3). C: One month 
after transplantation of cells, the pancre- 
ata of recipient mice were fixed and sec- 
tioned. In islets, several EGFP-positive 
cells expressing the p-cell marker insulin 
or the a-cell marker glucagon were ob- 
served. An acinar cell marker amylase was 
also detected in EGFP-positive cells resid- 
ing in acinar tissues, showing that donor 
cells had given rise to both endocrine and 
acinar cells in vivo and reconstituted these 
tissues with host cells. Scale bar: 100 u.m 
(A) and 40 jim (C). 



differentiate into endocrine and acinar lineage cells in vivo 
as well as in vitro. 

DISCUSSION 

A previous study (6) has shown that cells derived from 
ductal epithelia generated islet-like cell aggregates and 
expressed c-Met. Because such ductal cell fractions, how- 
ever, still contained many other kinds of cells, c-Met has 
not been defined as a possible marker to characterize 
stem/progenitor cells in the pancreas. Our present results 
indicate that c-Met is a useful marker to prospectively 
identify and isolate cells that fulfill the criteria of pancre- 
atic stem/progenitor cells. By sorting c-Met-positive cells 
using FACS in this study, we achieved prospective isola- 
tion of a rare c-Met-positive cell population by completely 
excluding other lineage cells and revealed their high 
proliferative capacity and multiple differentiation poten- 
tial. This stem/progenitor cell activity is restricted to the 
c-Met+ Flk-1~ c-Kit" CD45" TER119" ceUs, which consti- 
tute scarcely ~- 1% of both the neonatal and adult pancreas. 
The remaining 99% of the cells, in contrast, have much less 
activity of stem/progenitor cells. Furthermore, when neo- 
natal c-Met + Flk-1~ c-Kit" CD45" TER119" cells were 
cultured for longer periods (>1 month), a semiconfluent 
monolayer of cells appeared, from which islet-like cell 
aggregates budded out, and they gave rise to cells express- 
ing multiple lineage markers for endodermal digestive 
organs in vitro. These findings suggest that c-Met-positive 
cells residing in the pancreas possess potential for wider 
cell lineage plasticity in organs of endoderm origin or that 
they are more primitive endodermal stem cells. 

The c-Met/HGF interaction mediated by signaling be- 
tween mesenchymal and epithelial cells plays important 
roles in pancreatic development (27,28). Whether this 
essential signaling is directly responsible for stem cell 
activity, however, remains to be determined. In this study, 
we showed that some ductal and acinar cells in the 
neonatal pancreas are immunoreactive for c-Met and that 
they could be specifically separated from other differenti- 
ated cells by using FACS. These sorted c-Met-positive 
cells proliferated exclusively in response to HGF and 
exhibited multipotent differentiation. These findings per- 
mit us to speculate that the c-Met/HGF interaction is 
critically responsible for stem cell growth and differentia- 
tion in the developing pancreas. Interestingly, our studies 
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showed that nestin, a recently reported (42) marker for 
stem-like cells that reside in ductal epithelia and islets, 
was expressed in both CAPCs (Table 3) and EC constitu- 
ent cells (data not shown). Nestin, however, was also 
detected in the c-Met-negative cell fraction, suggesting 
that this antigen is expressed in a much broader cell 
population, including differentiated cells. 

In the adult pancreas, immunohistochemical analysis 
showed expression of c-Met in several ductal cells. Also, 
most adult ECs derived from sorted c-Met-positive cells 
possessed ductal cell characteristics, such as expression 
of CK19, and they received a growth signal from HGF to 
grow in culture. These results indicate that adult ECFCs 
reside in some pancreatic ducts, express c-Met, and are 
capable of forming colonies in response to HGF after 
sorting. Therefore, the c-Met/HGF interaction, in addition 
to its role in pancreatic development, would be crucial for 
homeostatic cell turnover and regeneration from stem/ 
progenitor cells residing in the adult pancreas. Our data 
also demonstrate that the multilineage differentiation ca- 
pacity of ECFCs is much more strictly regulated in adults 
than in neonates. For this reason, neonatal "activating" 
stem cells, rather than those isolated from the adult 
pancreas, would be more suitable for clinical applications, 
such as cell transplantation, that require the production of 
multiple cell type lineages and self-renewing cell prolifer- 
ation. Although most adult ECs possess a ductal pheno- 
type, several colonies included cells expressing Pdx-1 or 
the acinar cell marker HS lipase, suggesting that the 
original ECFC could potentially differentiate into both 
endocrine and acinar lineage cells. In fact, GLP-1 can induce 
expression of several marker genes in cells derived from 
adult ECFCs. However, this effect is not sufficient to produce 
many functional cells for therapeutic application. Differences 
of differentiation potential between c-Met-positive cells in 
the neonatal and adult pancreas may indicate that adult 
"silencing" stem cells residing in ducts cannot respond im- 
mediately to severe (3-cell loss. Instead of these cells, intrais- 
let 3-ceU progenitors, which emerge in islets following 
depletion of the resident cell population by a (J-cell toxin 
(e.g., streptozotocin), may differentiate to recover insulin 
content in p-ceU neogenesis (43). Screening for differentia- 
tion-inducing factors using our clonal cell culture system for 
stem/progenitor cells should identify a critical substrate that 
activates differentiation of endogenous PSCs and efficient 
reproduction of functional 3-cells. 

A candidate mouse hepatic stem cell, hepatic colony- 
forming unit in culture (H-CFU-C), which has been re- 
ported previously (24) by our group, has a similar 
phenotype to a candidate PSC described here, including 
the expression of c-Met but not c-Kit, CD45, and TER119. 
The expression of CD49f (<x6 integrin subunit), which is 
weakly expressed in H-CFU-Cs, is also detected in most 
c-Met-positive pancreatic cells. Furthermore, both cell 
types have the potential to differentiate into hepatic, 
pancreatic, gastric, and intestinal lineage cells in vitro. 
These findings suggest that pluripotent cells, like H-CFU-C 
in the fetal liver, are also present in the pancreas. How- 
ever, these putative hepatic and pancreatic stem cells are 
not completely equivalent, as they possess several striking 
differences. For example, several extracellular matrices 
that exert strong growth induction of H-CFU-C do not have 



an effect on the ability of a candidate PSC to proliferate in 
culture (23). For this reason, both cell types should not be 
characterized as the same cell population. Our present 
data and several previous reports (42,44-48), however, 
suggest that hepatic or endodermal stem cells may persist 
in postnatal pancreatic tissue. In particular, it was re- 
ported (44,45,47) that pancreatic hepatocytes could de- 
velop from pancreatic ductal and/or acinar cells. These 
regions were defined in this study as being immunoreactive 
for c-Met and contained candidate PSCs in both neonates 
and adults. Alternatively, Wang et al. (49) showed that 
pancreatic cells capable of significant liver reconstitution are 
not derived from the ductal pancreas. Although further 
intensive study is required to identify the basis for pluripo- 
tency in these cells, it is possible to speculate that pluripotent 
stem cells for endodermal digestive organs have common 
phenotypic and physiological characteristics and are uni- 
formly present in the liver, pancreas, stomach, intestine, and 
other endoderm-derived organs. 

As a result of cell transplantation, clonally cultured 
CAPCs were capable of engrafting in the recipient pan- 
creas and differentiating into endocrine and acinar cells. 
We infected donor cells with a retrovirus and marked them 
for EGFP expression in vitro to trace them after transplan- 
tation. Single-virus infection reproducibly achieved a high 
tagging efficiency, suggesting that gene-modified cells are 
theoretically useful for clinical cell-replacement therapy 
for the treatment of diabetes. Although insulin-positive 
donor-derived cells were also found when we transplanted 
CAPCs derived from EGFP transgenic mice (A.S., unpub- 
lished data), the possibility of cell fusion, uptake of DNA 
from dead cells, or reactivation of the retrovirus after cell 
transplantation cannot be completely ruled out. Further 
examination is required to address this issue and to 
achieve efficient differentiation and replacement of recip- 
ient pancreatic tissues by CAPCs. 

Purification and characterization of PSCs will allow us 
to determine their full developmental potential by exam- 
ining sorted stem cells directly. For this experimental goal, 
further enrichment of PSCs must be conducted by com- 
bining several antibodies with the anti- c-Met antibody, 
and culture conditions should be improved for clonogenic 
expansion of directly sorted cells. Manipulation of such 
cells may accelerate their proliferation and differentiation, 
make them able to generate functional p-cells more effi- 
ciently, and enhance hormone secretion from other endo- 
crine lineage cells. Prospective identification, direct 
sorting, selective expansion, and precise differentiation 
control of pluripotent stem cells could provide a means of 
successful islet cell transplantation in patients with diabe- 
tes due to absolute or relative loss of 3-cells. 
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Accumulating evidence demonstrates that adult tissues contain 
a population of stem cells that express early developmental 
markers such as stage-specific embryonic antigen and tran- 
scription factors Oct-4 and Nanog. These are the markers 
characteristic for embryonic stem cells, epiblast stem cells and 
primordial germ cells. The presence of these stem cells in adult 
tissues including bone marrow, epidermis, bronchial epithe- 
lium, myocardium, pancreas and testes supports the concept 
that adult tissues contain some population of pluripotent stem 
cells that is deposited in embryogenesis during early gastrula- 
tlon. In this review we will discuss these data and present a 
hypothesis that these cells could be direct descendants of the 
germ lineage. The germ lineage in order to pass genes on to the 
next generations creates soma and thus becomes a 'mother 
lineage' for all somatic cell lineages present In the adult body. 
Leukemia (2007) 21, 860-867. doi:10.1038/sj. leu. 2404630; 
published online 8 March 2007 
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'/ feel quite optimistic about the possibility of someone 
discovering dormant embryonic totipotent stem cells in very 
small number, in all normal tissues.../ 

Dr Emilia Frindel, May 2000 

Introduction 

Stem cells are endowed with the property of self-renewal and 
the ability to differentiate into cells that are committed to 
restricted developmental pathways. The compartment of stem 
cells is organized in a hierarchical manner from the (i) most 
primitive (totipotent) stem cells that are able to form both 
embryo and placenta, (ii) pluripotent stem cells (PSC) that are 
able only to form the embryo but has lost the capacity to form 
the trophoblast (which gives rise to the placenta), (iii) multi- 
potent stem cells in particular three germ layers (endo-, meso- 
and ectoderm) to already (iv) differentiated tissue-committed 
(monopotent) populations of stem cells (Table 1). 

According to the definition a PSC is a stem cell that is able to 
give rise to all cells present in the embryo during development. 
Therefore PSC contribute in in vitro cultures and in vivo after 
injection into the developing blastocyst (blastocyst complemen- 
tation assay) to cells from all three germ layers, mesoderm, 
ectoderm and endoderm, but not to the trophoblast. The 
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presence of PSC is very well documented during embryogenesis. 
The question remains if PSC exist in adult organisms and if so, 
are these primitive stem cells, functional in adult life? 

Recently several groups reported the presence of Oct-4 + cells 
in bone marrow (BM), 1 " 3 cord blood (CB), 4 " 7 epidermis, 8,9 heart 
(Mendez-Ferrer S, Prat, S, Lukic A, Diego A, Badimon JJ, 
Fuster, V, Nadal-Ginard, B. ES-like cells in the adult murine 
heart. Fourth ISSCR Annual Meeting, 2006), pancreas, 10 
testis 11 ' 12 and bronchial epithelium. 13 Oct-4 is an embryonic 
transcription factor that plays a determinant rote in specification 
of mouse PSC in the inner cell mass (ICM) of a blastocyst and 
mouse embryos deficient in Oct-4 are unable to form mature 
blastocysts 14 and die around the time of implantation. 15 Oct-4 
becomes downregulated during development, and the fact that 
Oct-4 had been identified in some rare cells present in adult 
tissues suggests that some embryonic stem cells (ESC) may 
persist into adulthood. 

Several lines of evidence support the presence of Oct-4 + PSC 
in adult BM. First, the expression of typical PSC markers such as 
Oct-4, 16 Nanog 17 (another transcription factor expressed in the 
developing blastocyst) and stage-specific embryonic antigen 
(SSEA) (surface marker of early ESC), 18 was reported at the 
protein and/or mRNA level in BM-derived stem celts isolated 
using various strategies. Accordingly, these embryonic markers 
were demonstrated in very small embryonic-like (VSEL) 1 ' 7 
multipotent adult progenitor cells (MAPC), mesenchymal stem 
cells (MSC) 20 (in particular the so-called serum deprived (SD) 
fraction) 21 and marrow-isolated adult mulitlineage inducible 
(MIAMI) cells. 22 Second, the existence of PSC in hematopoietic 
tissues is somehow supported by 'plasticity' experiments 
demonstrating a robust contribution of for example BM- or 
CB-dertved cells to regeneration of multiple non-hematopoietic 
organs and tissues. 2 8 

Nevertheless, several questions remain. First, it is important to 
elucidate whether these Oct-4 + cells are functional in steady- 
state conditions or are merely a remnants from developmental 
embryogenesis that reside in a dormant state in the tissues. The 
dormant status of these cells could be the result of the fact that 
they are (i) located in non-physiological niches, (ii) exposed to 
inhibitors, (iii) deprived of some appropriate stimulatory signals 
and finally (iv) limited in pluripotency because of the erasure of 
the somatic imprint on some of the crucial somatically 
imprinted genes (e.g., H19 and IGF2). A proper methylation of 
these imprinted genes (different on maternal- and paternal- 
derived chromosomes) is the crucial mechanism that governs 
toti potency of the zygote and pluripotency of the PSC. These 
PSC deposited during early gastrulation could be activated after 
exposure to some appropriate signals that lead to epigenetic 
changes that affect the methylation status of their DNA and 
acetylation of histones - leading to, for example, a reestablish- 
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merit of the proper somatic imprint in dormant PSC (e.g., during 
organ/tissue injury or oncogenesis). 

Second it is important to know if these rare cells identified in 
BM and other tissues proliferate in steady-state conditions and 
contribute to the renewal of the pool of other monopotent tissue- 
specific stem cells. To support this possibility, for example, BM- 
derived stem cells were demonstrated to differentiate in vitro 
cultures to cells from different germ layers. 19 " 28 

In this review we will present a hypothesis that the cells that 
express Oct-4, Nanog, SSEA-1 (mice) and SSEA-3/4 (human) 
identified in adult mammalian tissues are (i) a rare population of 
PSC, (ii) descendants from the germ lineage, (iii) are deposited 
during early gastrulation in the developing organs and (iv) may 
persists into adulthood. 

Germ lineage a mother lineage of all cell lineages in the body 

From the developmental and evolutionary point of view the 
main goal of the multicellular organism is to pass genes to 
the next generations and this process is orchestrated by the 
appropriate interplay between germ and somatic cell lines. 29 ' 30 
The germ line carries the genome (nuclear and mitochondrial 
DNA) from one generation to the next generation and is the only 
cell lineage which retains true developmental totipotency. In 
this context we can envision that all somatic cell lines are 
descendants from the germ line and help germ cells to 
accomplish this mission effectively (Figure 1). 

To support this concept, we can envision a zygote, which 
derives directly during conception from the fusion of two germ 
cells (female oocyte and male sperm) as the most primitive 
totipotent germ stem cell able to form both embryo and extra- 
embryonal tissues (placenta). In a zygote haploid DNA derived 
from an oocyte is combined with haploid DNA of a male germ 
cell, sperm, and the zygote could be envisioned as a mother cell 
to the germ lineage which 'down the road' will give rise to 
(t) more differentiated cells from the germ lineage (to ensure 
transfer of genome to the next generation) and (ii) other somatic 
lineages that will provide the body to fulfill this mission, which 
will derive/ 'bud out' from the germ lineage during embryogen- 
esis. Figure 1 presents this concept showing a circle of 
reproductive life, which begins with the establishment of the 
most primitive germ line cell (zygote), somatic lineages (meso-, 



Table 1 Developmental hierarchy in the SC compartment 

Totipotent SC Give rise to both embryo and placenta. The 

totipotent stem cell is a fertilized oocyte (zygote) or 
first blastomers after cleavage of zygote 

Pluripotent SC Give rise to all three germ layers of the embryo after 
injection into the developing blastocyst. Pluripotent 
stem cells are stem cells from the inner cell mass of 
the blastocyst (ICM) or EPSC. They could be also 
derived as immortalized cell lines in in vitro cultures 
from t) ICM cells (ESC) or from ii) primordial germ cells 
(PGC) (EG) 

Multipotent SC Give rise to one of the germ cell layers only, either 
ecto-, meso- or endoderm 

Monopotent SC Are tissue-committed stem cells that give rise to cells 
of one lineage, for example, hematopoietic stem 
cells, epidermal stem cells, intestinal epithelium stem 
cells, neural stem cells, liver stem cells or skeletal 
muscle stem cells 

Abbreviations: EG, embryonic germ cells; EPSC, epiblast stem cells; 
ESC, embryonic stem cells; ICM, inner cell mass; PGC, primordial 
germ cells; SC, stem cell. 



ecto- and endoderm) and most important germ cells (oocytes or 
sperm), which ensure transfer of DNA to the next generation. In 
this context the germ lineage in order to pass genes to the 
progeny must establish an adult organism that will provide a 
'vehicle' soma/body to fulfill this mission. 30 " 32 

Figure 2 shows that the germ potential of the zygote is 
retained in the (i) first blastomers, (ii) cells that are present in the 
center of a developing morula and subsequently in the (iii) cells 
from the ICM of a blastocyst. At this time of development, 
however some level of specification already occurs and the 
trophoectoderm 'buds out' from the germ line (Figure 1). 
Trophoectoderm will form the placenta and the remaining part 
of the blastocyst - ICM will give rise to the epiblast. 

Epiblast stem cells (EPSC) as demonstrated experimentally are 
also pluripotent and retain germ lineage potential as well. 33 
Shortly before the epiblast is about to give rise to all three germ 
layers (ectoderm, mesoderm and endoderm), the first morpho- 
logically identifiable precursors of primordial germ cells (PGC) 
in mice become specified approximately, 6.0-6.5 days post- 
coitum (d.p.c.) in the proximal part of the epiblast (Figure 2) 34 35 
Thus precursors of PGC are the first population of stem cells that 
is specified in the embryo at the beginning of gastrulation. PGC 
in mice subsequently move for a short period of time first to the 
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Figure 1 The cycle of life - from zygote to germ cells. From the 
developmental and evolutionary point of view the germ line (shown in 
red) carries the genome (nuclear and mitochondrial DNA) from one 
generation to the next and all somatic cell lines bud out (gray color) 
during ontogenesis from the germ line to help germ cells accomplish 
this mission effectively. The germ potential is established in the 
fertilized oocyte (zygote), and subsequently retained in the morula, 
ICM, EPSC, PGC and mature germ cells (oocytes and sperm). The first 
cells that bud out from the germ lineage are trophoectodermal cells 
that will give rise to the placenta. Subsequently during gastrulation 
EPSC are a source of PSC for all three germ layers (meso-, ecto- and 
endoderm) and PGC. We hypothesize that at this stage some EPSC 
could be deposited as Oct-4 + PSC in peripheral tissues/organs (red 
circles). Similarly, some migrating PGC could go astray from their 
major migratory route to the genital ridges and become deposited as 
well. Furthermore, it is also possible that similarly as PGC, other EPSC 
deposited in the developing tissues undergo erasure of their somatic 
imprint (yellow arrows). This mechanism of erasure will protect 
developing organism from the possibility of teratoma formation. 
However, it will affect some of the aspects of the pluripotentiality of 
these cells (e.g., potential of these cells to contribute to blastocyst 
development). 
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Figure 2 Retention of germ-cell potential during ontogenesis. Cells 
with germ potential are shown in red. The earliest and the most 
primitive cell in the germ line is the totipotent zygote. The germ 
potential is subsequently retained during development in cells located 
in the middle of the morula, ICM cells in the developing blastocyst, 
EPSC, PCC cells and germ cells in gonads. Germ potential could be 
also retained in rare Oct-4* EPSC deposited during development in 
peripheral tissues as founders for monopotent tissue committed stem 
cells? or those rare PCC that may go astray from their major migratory 
and survive in peripheral tissues (e.g., in BM or adrenal glands). 



basis of alantois which is located in the extraembryonic 
mesoderm and then migrate into the embryo proper towards 
the genital ridges - where they will undergo developmental 
differentiation to oocytes or sperm, respectively 36 (Figure 2). 
Therefore one individual life could be envisioned as one link in 
the chain of the consecutive events aimed at the transfer of the 
genome by germ cells from one generation to the next. In this 
context, the somatic cell lines that bud from the germ line 
(Figure 1) merely play a supportive role. 



Epiblast as a source of PSC in the developing embryo 

As mentioned above PSC (Table 1) is a cell which in vitro at the 
single cell level can give rise to the cells from all three germ 
layers (meso-, ecto- and endoderm), however, the most valuable 
evidence for pluripotentiality of a stem cell is its contribution to 
the development of multiple organs and tissues in vivo after 
injection into the developing blastocyst. This had been very well 
demonstrated in the case of ESC isolated from embryos or 
established in vitro ESC lines 37-39 However, it is very difficult to 
get such evidence in a reproducible manner for any type of 
putative PSC isolated from adult tissues. 

As mentioned above, EPSC are pluripotent and express SSEA- 
1 (mice), SSEA-3/4 (human), Oct-4 and Nanog. They will give 
rise to all three germ layers, ecto-, meso- and endoderm 
including PCC (Figure 1 ). Thus, the epiblast, through the process 
of gastrulation, is the source of all stem cells for all the germ 
layers and stem cells in these layers will give rise to all of the 
tissues and organs in the embryo. Thus EPSC could be 
envisioned as a founder population of PSC for multipotent stem 
cells for ecto-, endo- or mesoderm that give rise to unipotent 
stem cells that will develop given cell lineages. 

We hypothesize that some pluripotent EPSC could be 
deposited during gastrulation in peripheral tissues (Figures 
1 and 2). 30 Furthermore, there is also some additional evidence 
that some epiblast-derived PCC themselves during migration 
through the embryo proper on their way to the genital ridges 
might go astray and seed to peripheral tissues 40-42 Therefore, it 
is very likely that the cells identified in adult tissues that express 
ICM/epiblast/PGC markers such as SSEA-1 (mice), SSEA-3/4 



(human), Oct-4 and Nanog are populations of PSC that 
were deposited in these tissues early during gastrulation/ 
embryogenesis. 



Regulation of pluripotency in the germ line - implications 
for other PSC in adult organs/tissues? 

Interestingly PCC in contrast to EPSC do not reveal pluripotency. 
Namely, in cultures freshly isolated from embryos, PGC 
proliferate for a few days only, and then disappear either 
because they differentiate or die. 43 Furthermore, while the 
nuclei of migrating PGC at 8.5-9.5 d. p. c. can be successfully 
used as donors for nuclear transfer, nuclei from PGC at 
11.5d.p.c. and later are incompetent to support full-term 
development. 44 This is somehow intriguing, taking in considera- 
tion that PGC are the population of stem cells that carries 
'developmental totipotency' for oocytes and sperm. 

However, when PGC are cultured over murine embryonic 
fibroblasts and exposed ex vivo to three growth factors, kit 
ligand, leukemia inhibitory factor and basic fibroblast growth 
factor, they continue to proliferate and form large colonies of 
embryonic germ cells (EG) which similarly as ESC can be 
expanded indefinitely. 45 " 47 EG had been derived from pre- and 
post-migratory as well as from migratory PGC in both mice and 
humans and are pluripotent. 45,46 Namely, EG in contrast to PGC 
fully contribute to blastocyst complementation giving rise in the 
developing embryo to all somatic lineages and germ cells. 

To explain this phenomenon at the molecular level, it is 
known that the pluripotency of PGC nuclei depends on the 
methylation status of genomic imprinted genes (e.g. H19, lgf-2, 
lgf-2R and Snrpn) 44 ' 48 PGC until 9.5d.p.c. have a somatic 
imprint (paternal and maternal pattern of methylation) of HI 9, 
lgf-2, lgf-2 R, Snrpn - that is crucial to maintain their 
pluripotency. A somatic type of imprint, however, is erased by 
demethylation whereas these cells migrate towards the genital 
ridges approximately 10.5d.p.c. 49 The erasing of the methyla- 
tion (imprint) of H19, lgf-2, lgf-2R and Snrpn in early PGC could 
be envisioned as one of the mechanisms that shuts down PGC 
developmental pluripotency - and makes these cells resistant to 
parthenogenesis or formation of teratomas. 50,51 A proper 
somatic imprint is subsequently reestablished in sperm and 
oocytes, so that a fertilized egg expresses a developmental ly 
proper somatic imprint of these crucial genes. 

The fact that PGC-derived EG cells are pluripotent, demon- 
strates that the re-establishment of a proper somatic imprint is 
possible. We hypothesize that perhaps similar mechanism of 
somatic imprint erasure takes place during development not 
only in PGCs but also in other EPSC-derived PSCs that are 
deposited in the developing organs (Figure 1). It is also likely 
that similarly as PCC these cells under certain circumstances 
(e.g., tissue/organ injury) may regain a proper somatic imprint. 



Presence of Oct-4 + stem cells in the BM 

Stem cells that express early embryonic stem cell markers 
including Oct-4, Nanog and SSEA-1 had been identified in BM 
in several potential multipotent/PSC isolated from the BM or CB 
such as VSELs 1 ' 7 MSC 20 ' 21 MAPC, 19 MIAMI, 22 unresticted 
somatic stem cells (USSC), 52 precursors of oocytes/spermatogo- 
nia. 53,54 It is very likely that several investigators using different 
isolation strategies described the same populations of stem cells 
but gave them different names according to the circumstance. 
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VSEL stem cells 

The homogenous population of rare (~0.01% of BM MNC) 
Sca-1 * I in - CD45~ cells was recently purified by fluorescence- 
activated cell sorting (FACS) from murine BM. 1 They express (as 
determined by real-time quantitative PCR and immunhisto- 
chemistry) SSEA-1, Oct-4, Nanog and Rex-1 and Rif-1 telomer- 
ase protein, but do not express MHC-I and HLA-DR antigens 
and are CD9CT CD105~ and CD29~. Direct electron micro- 
scopical analysis revealed that these cells display several 
features typical for ESC such as (i) a small size (2-4 //m in 
diameter), (ii) a large nucleus surrounded by a narrow rim of 
cytoplasm and (iii) open-type chromatin (euchromatin). Despite 
their small size they posses diploid DNA and contain numerous 
mitochondria. 

Interestingly approximately 5-10% of purified VSELs if plated 
over a C2C1 2 murine myoblast cell feeder layer are able to form 
spheres that resemble embryoid bodies. Cells from these VSEL- 
derived spheres (VSEL-DS) are composed of immature cells with 
large nuclei containing euchromatin, and like purified VSELs are 
CXCR4 ' SSEA-1 Oct-4 *'* . Furthermore, cells from VSEL-DS, 
after re-plating over C2C1 2 cells, may again (up to 5-7 passages) 
grow new spheres or, if plated into cultures promoting tissue 
differentiation, expand into cells from all three germ cell layers. 
Similar spheres were also formed by VSELs isolated from murine 
fetal liver, spleen and thymus. Interestingly, formation of VSEL- 
DS was associated with a young age in mice, and no VSEL-DS 
were observed in cells isolated from old mice (>2 years). As 
VSELs express several markers of the germ cell line (fetal -type 
alkaline phosphatase, Oct-4, SSEA-1, CXCR4, Mvh, Stella, 
Fragilis, Nobox, Hdac6), they are probably closely related to a 
population of EPSC. 

VSELs are mobile and respond robustly to an SDF-1 gradient, 
adhere to fibronectin and fibrinogen, and may interact with BM- 
derived stromal fibroblasts. 55 Confocal microscopy and time 
laps studies revealed that these cells attach rapidly to, migrate 
beneath and undergo emperipolesis in marrow-derived fibro- 
blasts. 55 This robust interaction of VSELs with BM-derived 
fibroblasts has an important implication, namely that isolated 
BM stromal cells may be contaminated by these tiny cells from 
the beginning. This observation may somehow explain the 
unexpected 'plasticity' of marrow-derived cells with a fibro- 
blastic morphology (e.g., MSC or MAPC). To support this, a 
similar population of SSEA-1 + Oct-4 + Nanog + Sca-1 + lin" 
CD45" cells was also recently isolated from the BM by another 
team with the suggestion that these cells could be associated 
with MSC. 3 



MSC (multipotent mesenchymal stromal cells 
MSC were initially identified as a population of BM-derived 
adherent bone/cartilage-forming progenitor cells. 56 ' 57 In early 
passages of low-density plated MSC two morphologically 
distinct populations of cells were described, a population of 
more mature, large, flat and slowly replicating cells and one of 
rapidly self-renewing cells (RS cells) which are small and 
spindle shaped. 20 Furthermore, serum deprivation of human 
MSC cultures selects for expansion of so- called SD MSC. 21 
These SD-MSC are small and express mRNA for embryonic 
markers such as Oct-4, ODC antizyme and hTERT, and 
proliferate more slowly than RS cells. It was postulated that 
these SD-MSC cells are the most primitive fraction of MSC from 
more mature MSC are derived. To support this further, there are 
recent reports that a subpopulatton of undifferentiated MSC 
expanded from BM adherent cells could express embryonic 
stem cell and PSC markers such as Oct-4 and Rex1 or Oct-4 and 



Nanog. 58 The relationship of these undifferentiated MSC with 
other populations of Oct-4 + cells in BM including VSELs 
requires further studies. 

MAPC 

MAPC are isolated from BM MNC as a population of CD45" 
GPA-A" adherent cells and they display a similar fibroblastic 
morphology to small MSC. 19 Thus it has been postulated 
that MAPC could be more primitive cells than MSC; however, 
the potential relationship between MSC, in particular SD-MSC 
cells and MAPC has yet to be established. The colonies of 
cells enriched in murine MAPC express SSEA-1. Recently 
it was reported that MAPC isolated from porcine marrow are 
similarly as VSELs very small, embryonic-like and express 
SSEA-1, Oct-4 and Nanog. 59 They are also negative for the 
expression of CD34, CD44, CD45, CD1 1 7 and MHC class I and 
class II. The growth of these rare cells depends on selected 
serum batches and is tightly regulated by oxygen tension. 
Interestingly MAPC are the only population of BM-derived 
stem cells that, so far as is known, contribute to all three 
germ layers after injection into a developing blastocyst, 
indicating their pluripotency. 19 The contribution of MAPC to 
blastocyst development, however, requires confirmation by 
other, independent laboratories. 

MIAMI cells 

This population of cells was isolated from human adult BM by 
culturing BM MNC in low oxygen tension conditions on 
fibronectin. 22 Colonies of small adherent cells express the 
embryonic stem cell markers Oct-4 and Rex-1 and differentiate 
into cells from multiple germ layers. The potential relationship of 
these cells to MSC and MAPC described above is not clear, 
although it is possible that these are overlapping populations of 
cells identified by slightly different isolation/expansion strategies. 

BM-derived oocytes and spermatogonia 
Recently somewhat unexpectedly BM was also identified as a 
source of oocyte- 53 and spermatogonia-like cells. 54 This 
observation supports to some extent the concept that during 
embryonic development some of the stem cells from the germ 
lineage (Figures 1 and 2) may go astray on their way to the 
genital ridges and colonize fetal liver, and subsequently by the 
end of the second trimester of gestation together with fetal liver- 
derived HSC move to the BM tissue. Accordingly, oocyte- 
generating germ line stem cells were found in murine BM in a 
set of elegant experiments in which BM transplantation restored 
oocyte production in normal animals sterilized by chemother- 
apy as well as in ataxia teleangiectasia-mutated gene-deficient 
mice, which are otherwise incapable of making oocytes. 53 
Direct sorting analysis revealed in BM the presence of 
c-kit + Sca-1"lin" cells that expressed PGC markers such as 
Oct-4, Mvh, Dazl, Stella and Fragillis. Expression of all of these 
markers correlated with an adherent fraction of BM cells. Based 
on these observations the authors concluded that BM could be a 
potential source of germ cells that could sustain oocyte 
production in adulthood. 

Another independent group also recently reported that BM 
cells may also be a source of male germ cells. 54 These cells 
expressed PGC markers such as Fragillis, Stella, Rnf17, Mvh and 
Oct-4, as well as molecular markers of spermatogonia! stem 
cells and spermatogonia including Rbm, c-Kit, Tex18, Stra8, 
Piwil2, Dazl and Hsp90oc. Thus BM unexpectedly is emerging as 
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a potential source of germ cells for reproductive medicine. So 
far, however, evidence is lacking that these BM-derived oocytes 
or spermatogonia are fully functional, capable of fertilization 
and can give rise to embryos. 

Oct3/4* precursors of cardiomyocytes in BM 
It was recently demonstrated that BM cells may form culture 
aggregates of 0^3/4* cells which in vitro cultures in the 
presence of platelet-derived growth factor (PDGF)-AB may 
differentiate into cardiomyocytes. 2 These cells were identified in 
BM from young and old mice, however, their potential to 
differentiate into cardiomyocytes by PDCF-AB-mediated para- 
crine/juxtacrine pathway decreased with animal age. 

Oct-4* stem cells in CB 

Neonatal CB is an important source of non-hematopoietic stem 
cells. Generally, we can envision CB as neonatal PB mobilized 
by the stress related to delivery. Release of several cytokines and 
growth factors, as well as hypoxic conditions during labor, may 
mobilize neonatal marrow cells into circulation. 

It is well known that CB-derived cells contribute to skeletal 
muscle 60,51 liver 62 " 64 neural tissue, 65 and myocardium regen- 
eration 66,67 and more importantly recent multiorgan engraft- 
ment and differentiation has been achieved in goats after 
transplantation of human CB CD34'Min~ cells. 68 Furthermore, 
several groups of investigators described the presence of 
Oct-4 + , Nanog + and SSEA-3/4 + stem cells in human CB and 
umbilical cord matrix. 69 They were enriched by different 
approaches employing (i) immunomagnetic beads against 
CD133, 4 (ii) expansion of hematopoietic cell depleted adherent 
population of CB cells in the presence of thrombopoietin, kit 
ligand and flt3-ligand 6 or (iii) isolation of mononuclear cells by 
Ficoll gradient centrifugation. 5 

Recently, the small cells resembling a population of murine 
BM-derived VSELs was purified from CB and demonstrated at 
the single cell level by employing a novel two-step isolation 
procedure - removal of erythrocytes by hypotonic lysis 
combined with multiparameter FACS. 7 These CB-isolated VSELs 
(CB-VSEL) are very small (3-5 ^m) and highly enriched in a 
population of CXCR4+ AC133 + CD34*Nin" CD45" CB mono- 
nuclear cells, possess large nuclei containing unorganized 
euchromatin, express nuclear embryonic transcription factors 
Oct-4 and Nanog and surface embryonic antigen SSEA-4. 
Further studies are needed to see if human CB-isolated VSELs 
similarly as their murine BM-derived counterparts are endowed 
with pluripotency. It is also not clear at this point the potential 
relationship of these cells to so-called CB-derived USSC. USSC 
are very rare cells that are detectable in approximately 40% of 
CB units at the frequency 1-11 cells/CB unit. 52 Unfortunately, 
the markers which are expressed on the founder cells for these 
colonies are not described. In vitro cultures unrestricted somatic 
stem cells differentiate into osteoblasts, chondroblasts, adipo- 
cytes, hematopoietic and neural cells. 52 

Oct-4* stem cells in other tissues 

A population of stem cells that express markers of ESC/epiblast/ 
PGC cells was recently described in several non-hematopoietic 
organs for example, in epidermis 8,9,70 bronchial epithelium, 13 
myocardium (Mendez-Ferrer S, Prat, S, Lukic A, Diego A, 
Badimon JJ, Fuster, V, Nadal-Ginard, B ES-like cells in the adult 
murine heart. Fourth ISSCR Annual Meeting, 2006), pan- 
creas, 10,71 testis 11,12 retina 72 and amniotic fluid. 73 



Oct-4* cells in bronchial epithelium 
The Oct-4 * long-term BrdU label-retaining cells were de- 
scribed at the bronchoalveolar junction of neonatal lung with 
the suggestion that these could be putative neonatal lung stem/ 
progenitor cells. 13 Furthermore, lung-derived cells if cultured on 
collagen in serum-free conditions develop Oct-4 + , SSEA-1 4 * 
and Sca-1 + epithelial colonies with a surrounding mesenchy- 
mal stroma. These cells, presumably a subpopulation of so 
called Clara cells 74 could be kept for weeks in primary cultures 
and undergo terminal differentiation to alveolar type-2- and 
type-1-like pneumocytes sequentially when removed from the 
stroma. 

Oct-4* cells in adult murine heart 

By employing transgenic mice that express green fluorescence 
protein under a Oct-4 promoter, the presence of embryonic-like 
Oct-4-expressing stem cells through out the murine myocar- 
dium in particular in the atria region was demonstrated (Mendez- 
Ferrer S, Prat, S, Lukic A, Diego A, Badimon JJ, Fuster, V, 
Nadal-Ginard, B. ES-like cells in the adult murine heart. Fourth 
ISSCR Annual Meeting, 2006). Gene expression profile studies 
performed by microarrays and semiquantitative reverse tran- 
scriptase-polymerase chain reaction revealed that they express 
gene profiles resembling ESC. Furthermore, these cells if 
expanded in cultures and injected into the amniotic cavity of 
a developing chick embryo or a gastrulating mouse embryo 
confirmed wide developmental potential of these cells. 

Oct-4* cells in pancreas 

It was demonstrated that stem cells isolated from exocrine rat 
pancreas are able to differentiate in culture in vitro into cells 
from all three germ layers, have the propensity to form three- 
dimensional, teratoma-like structures in vitro and show ex- 
tensive self-renewal ability and are able to expand in long-term 
cultures. 10 Cells isolated from these cultures express embryonic 
markers such as Oct-4, SSEA-1 and fetal alkaline phosphatase. 
Some of the clones derived from these cells were also found to 
differentiate into oocyte-like cells. It was shown that the 
expression of germ line markers such as SSEA-1, Mvh increases 
in these cells and in addition they acquire meiosis-specific 
markers such as SCP3 and DMC1. 

Oct-4* stem cells in epidermis 

Very small Oct-4 + Nanog + stem cells distinctively different 
from known epithelial or melanocytic stem cells were identified 
in the bulge region of human hair follicles. 8 These cells if 
cultured in vitro in human embryonic stem cell medium formed 
so-called hair spheres that contain cells with the ability to 
differentiate into neurons, muscle cells, endothelial cells, 
adipocytes and osteoblasts. Furthermore, somehow surprisingly 
it was also reported that porcine fetal skin was found to be a 
potential source of Oct-4 + germ cells that are able to 
differentiate into like oocyte-cumulus complexes that secreted 
ovarian steroid hormones and responded to gonadotropin 
stimulation. 70 More importantly, some of these aggregates 
extruded large oocyte-like cells that expressed oocyte markers. 
Thus these data support the concept that epidermis may contain 
Oct-4 + stem cells endowed with germ lineage potential. 

SSEA-1* cells in murine retina 

A population of SSEA-1 + stem cells was isolated from the 
murine retina. 72 These cells were highly expressed in the 
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developing retina, but also detectable in newborn animals and 
their number decreases dramatically after birth. 

Oct-4' 11 ' cells in amniotic fluid 

A population of non-hematopoietic (CD45~) SSEA + Oct-4 + 
stem cells was recently isolated from human amniotic fluid. 73 
These cells were able to differentiate into cells from all three 
germ layers. These data together with the observation that 
Oct-4 + PSC could be also isolated from placental cords raises 
the possibility that extra-embryonic tissues could be a source of 
embryonic-like cells for regeneration. 

Do ESC-like Oct-4 ' cells shuttle between BM and 
peripheral tissues? 

Evidence accumulated that during organ damage non-hemato- 
poietic stem cells (including VSELs) are mobilized from the BM 
and perhaps other tissue-specific niches into peripheral blood 
where they circulate in order, what we believe, to 'home' to 
damaged tissues and participate in tissue repair. 55 We reported 
that the number of these cells in peripheral blood increases also 
after heart infarct 75,76 and stroke. 7 Other groups found that 
cells expressing markers for early tissue committed stem/ 
progenitor cells circulate during skeletal muscle 78,79 and retina 
epithelium damage, 80 lung injuries, 81 bone fracture, 82 ischemic 
damage of the kidney 83 and injury of the liver. 84 We noticed 
that the number of circulating non-hematopoietic stem cells 
expressing plurtpotent/tissue committed markers (e.g., Oct-4 + ) 
in peripheral blood could be increased by some mobilizing 
agents, for example, C-CSF. 85 in combination with compounds 
that block CXCR4 (e.g., T140 or AMD3100) 86 ' 87 

Do ESC-like Oct-4 + cells initiate tumor development? 

In 1855 Virchow proposed the 'embryonal - rest hypothesis' of 
tumor formation, based on histological similarities between 
tumors and embryonic tissues. 88 This theory was later expanded 
by another pathologist Julius Conheim, who suggested that 
tumors develop from residual embryonic remnants 'lost' during 
developmental organogenesis. 

The Oct-4 + stem cells recently identified in adult tissues 
could fully support Virchow's concept. In Table 2 we proposed 
different scenarios how these stem cells expressing embryonic 



Table 2 Oct-4 + cells as tumor initiating cells? 



Tumor types 



Teratomas, teratocarcinomas 



Germinomas, seminomas, 
teratomas, dermoid cyst, 
hydatidiform mole 
Pediatric sarcomas (e.g., 
rhabdomyosarcoma, 
neuroblastoma, nephroblastoma 
Wilms tumor, Ewing sarcoma ) 
Other malignancies (e.g., 
Helicobacter py/ori-related 
stomach cancer?) 



Potential mechanisms 



Persistent somatic imprint in Oct- 
4 + cells (epiblast-derived?), 
additional mutations 
Cells left along PGC-migratory 
route, persistent somatic imprint?, 
additional mutations 
Mutated resident or circulating 
Oct-4"* cells in various peripheral 
-tissue locations 

Circulating Oct-4 + cells 
incorporated at the wrong time to 
the wrong place?, additional 
mutations 



markers could contribute to tumor development. 89,90 First, if the 
genomic imprint in these cells is not erased they may retain 
post-developmental in vivo pluripotency and grow teratomas 
and teratocarciomas 91,92 Second, if they are closely related to 
migratory PGC, which go astray from the major migratory route 
to the genital ridges they may ultimately give rise to for example, 
germinomas and seminomas. 50,51 Third, if these cells acquire 
critical mutations, they may develop into the several types of 
pediatric sarcomas (e.g., rhabdomyosarcoma, neuroblastoma, 
Ewing sarcoma and Willms tumor). In support of this there is a 
strong correlation with the number of these Oct-4 + cells which 
persist in postnatal tissues and the coincidence with these types 
of tumors in pediatric patients. 93 Finally, it is possible that these 
cells if mobilized at the wrong time into peripheral blood, and 
deposited in areas of chronic inflammation, instead of playing a 
role in regeneration may contribute to the development of 
malignancies (e.g., stomach cancer) 94 

To support this further several tumor types may express 
embryonic markers including Oct-4 and as reported BM-derived 
stem cells that may develop in the presence of cancerogens 
several sarcomas including teratomas. 95 

Do adult tissue-derived Oct-4 + stem cells hold promise for 
regenerative medicine? 

Humanity continually searches for the 'holy grail' to prevent 
sufferings caused by aging-related illnesses, and improve a 
quality of life in advancing age. Adult tissue-isolated Oct-4 + 
stem cells could potentially provide a real therapeutic alter- 
native to the controversial use of human ES cells and therapeutic 
cloning. Hence, while the ethical debate on the application of 
ES cells in therapy continues, the potential of Oct-4 + stem cells 
is ripe for exploration. Researchers must determine whether 
these cells could be efficiently employed in the clinic or 
whether they are merely developmental remnants found in the 
BM and other tissues that cannot be harnessed for regeneration. 
The coming years will bring important answers to this question. 
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Abstract 

p-cell replacement represents the ultimate cure for type 1 diabetes, however it is limited by availability of organ donors. Adult human 
islets are difficult to propagate in culture, and efforts to expand them result in dedifferentiation. Here we describe conditions for expan- 
sion of adult human islet cells, as well as a way for their redifferentiation. Most cells in islets isolated from human pancreata were induced 
to replicate within the first week of culture in expansion medium. Cells were propagated for 16 population doublings, without a change in 
replication rate or noticeable cell mortality, representing an expansion of over 65,000-fold. Replication was accompanied by a decrease in 
expression of key P-cell genes. Shift of the cells to differentiation medium containing betacellulin resulted in redifferentiation, as mani- 
fested by restoration of p-cell gene expression and insulin content. These methods may allow transplantation of functional islet cells from 
single donors into multiple recipients. 
© 2005 Elsevier Inc. All rights reserved. 

Keywords: Pancreatic beta cells; Betacellulin; Cell replication; Dedifferentiation; Insulin production 



Type I diabetes is caused by autoimmune destruction of 
the pancreatic islet insulin-producing P cells. Insulin 
administration does not prevent long-term complications 
of the disease, since the optimal insulin dosage is difficult 
to adjust. Replacement of the damaged cells with regulated 
insulin-producing cells is considered the ultimate cure for 
type 1 diabetes. Transplantation of human intact pancreas 
or isolated islets has been severely limited by the scarcity of 
human tissue donors, leading to extensive efforts to develop 
an abundant in vitro source of human insulin-producing 
cells. Isolated human islets have been difficult to expand 
in tissue culture without partial or complete loss of func- 
tion [1-3]. Development of differentiated islets from pan- 
creatic duct cells has been demonstrated in cell cultures 
of human [4,5] and mouse [6] pancreatic cells, and the 
occurrence of pluripotent cells in human islets [7] and adult 
mouse pancreas [8] has been reported. However, the expan- 
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sion capacity of these cells in vitro was shown to be quite 
limited. In contrast, a recent report based on cell-lineage 
tracing suggested that islet insulin-expressing cells maintain 
a renewal capacity and constitute the major source for islet 
regeneration following injury [9]. We sought to develop 
culture conditions which allow significant expansion of 
adult human islets from cadaver donors, as well as treat- 
ments to restore their differentiation following expansion. 

Methods 

Islet isolation. Human islets were isolated essentially as described [10]. 
Briefly, islets were isolated from pancreata obtained from organ donors 
after a cold ischemia time of 6.1 ± 2.9 h. The pancreatic duct was perfused 
with a cold enzyme mixture containing Liberase HI (Roche, Indianapolis, 
IN). Tissue was then transferred to a Ricordi chamber and separated by 
gentle mechanical agitation and enzymatic digestion at 37 °C. Islets were 
purified with the use of discontinuous gradients of Ficoll-diatrizoic acid 
[1 1] in an aphaeresis system (model2991, Cobe Laboratories, Lakewood, 
CO). The discontinuous Ficoll gradient used solution densities of 1.108, 
1.096, and 1.037 g/ml layered upon each other before the separation step. 
During cent rifugat ion, islets migrated to the interfaces between 1.037 and 
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l.096g/ml, and 1.096 and U08g/ml [1 2]. The cellular material between 
these two interfaces was pooled and had a final purity of 71. 5 ± 26.2% and 
a viability of 85.2±6.7%. The stimulation index (insulin secreted in 
response to 16.7/1 .67 mM glucose) was 3.27 ± 1 .78. Islets were maintained 
in CMRL 1066 medium at 37 °C with 5% C0 2 for 1-7 days before use. 

Cell culture. Isolated islets were trypsinized and cultured in CMRL 
1066 medium containing 5.6 mM glucose and supplemented with 10% 
FBS, lOOU/ml penicillin, 100 ug/ml streptomycin, and 5 ug/ml ampho- 
tericin B (expansion medium). The cultures were refed twice a week and 
split 1:2 once a week. For incubation in serum-free medium, the cells were 
placed in CMRL 1066 medium containing antibiotics, in the presence of 
10 ug/ml insulin, 5.5 ug/ml transferrin, and 5 ng/ml selenium (ITS, Sigma- 
Aldrich, Steinheim, Germany). The following factors were added to the 
media for 6 days: activin A (CytoIab/PreproTech Asia, Rehovot, Israel; 
10 nM), bctacellulin (BTC; R&D Systems, Minneapolis, MN, at the 
indicated concentrations), and exendin-4 (Sigma-Aldrich; 10 nM). 

Histological analyses. Cells were plated in 24- we 1 1 plates on sterilized 
coverslips and fixed in 4% paraformaldehyde. For KJ67 staining cells were 
pcrmeabilized with 0.25% NP40 for 10 mi n. Cells were blocked for 10 min 
at room temperature in 1% bovine serum albumin, 10% FBS, and 0.2% 
saponin, and incubated with the following primary antibodies diluted in 
blocking solution, overnight at 4 °C: mouse-anti-insulin 1:1000 (Sigma, St. 
Louis, Ml); rabbit-anti-Ki67 1:50 (ZYMED Laboratories Inc., South San 
Francisco, CA); rabbit-anti-PCl/3 1:500; rabbit-anti-PC2 1:1000 (both 
gifts from D. Steiner); rabbit-anti-PP 1:200 (DakoCytomation, Denmark); 
rabbit-anti-Pdxl 1:10,000 (a gift of C. White); and mouse-anti-vimentin 
1:400 (Sigma, St. Louis, MI). The bound antibody was visualized with a 
fluorescent secondary antibody: Cy3-goat-anti-mouse and -anti-rabbit 
1:200 (Biomeda, Foster City, CA); and Alexa Fluor 488-goat-anti-rabbit 
1:200 (Molecular Probes Europe BV, Leiden, The Netherlands), under a 
Zeiss confocal microscope. The specificity of the primary antibodies was 
demonstrated using COS7 cells (data not shown). Nuclei were visualized 
with DAPI (Roche) staining for 5 min at room temperature, BrdU 
staining was performed following a 24-h labeling period as previously 
described [13]. Nuclear area was quantitated with ImageJ software (NIH, 
version 1.33u) by counting cells in >4 random fields. 

RNA analyses. Total RNA was extracted using High Pure RNA iso- 
lation kit (Roche Molecular Biochemicals, Mannheim, Germany). Specific 
transcripts were analyzed with Superscript III (Invitrogen Life Technol- 
ogies, Carlsbad, CA) RT-PCR kit according to the manufacturer. cDNA 
was amplified for 30-40 cycles (94 °C for 45 s; annealing for 45 s; 72 °C for 
40 s), using the primer pairs and annealing temperatures listed in Sup- 
plementary Table 1 online. PCR products were separated by electropho- 
resis in 1.5% agarose gels and visualized by ethidium bromide staining. 
Real-time cDNA quantitation was performed using Assays-on-Demand 
kits and an ABI Prism 7000 Sequence Detector (both from Applied Bio- 
systems, Foster City, CA), according to the manufacturer's instructions. 
All reactions were done in triplicate. The results were normalized to 
human large ribosomal protein P0 cDNA. 

Insulin and human C-peptide secretion and cell content. Insulin secretion 
was measured by static incubation as previously described [14]. Cells were 
plated in 24-well plates at 5 x 10 4 cells per well. The cells were preincu- 
bated for 1 h in Krebs-Ringer buffer (KRB), followed by incubation for 
30 min in KRB containing 0.5 mM l-isobutyl 3-methyIxanthine (IBMX) 
and glucose at the indicated concentrations. The cells were then extracted 
in acetic acid, and the amount of insulin in the buffer and cell extract was 
determined using an ELISA kit (Mercodia, Uppsala, Sweden), which 
recognizes only mature insulin. Human C-peptide in the buffer and cell 
extract was determined using an ELISA kit (Mercodia, Uppsala, Sweden) 
according to the manufacturer. 

Statistical analyses. Significance was determined using a two-tailed 
Student's / test. 

Results 

Islet preparations devoid of detectable ductal sheets 
(Fig. 1) were trypsinized and cultured in CMRL 1066 



Fig. 1 . Establishment of PHID cells in tissue culture. Immunofluorescence 
analyses following the indicated number of days during the first 2 weeks in 
culture. The top two panels are phase contrast images of intact islets (A) 
and cell monolayer (B). All nuclei in (C and E-G) are stained blue with 
DAPL The arrows in (G) point to ins-negative, Pdxl -positive cells. 
Bar = 50 urn, except for (D, G, and H), in which bar = 20 um. 

medium containing 5.6 mM glucose and supplemented 
with 10% FBS. Under these conditions the vast majority 
of cells adhered to the plate and formed a monolayer of 
cells with epithelial morphology. Cell size in the primary 
culture varied about 10-fold, as judged by measurement 
of nuclear area. Up to 60% of the islet cells were induced 
to replicate within the first 10 days of culture, as judged 
by BrdU incorporation (Table 1). After 3 days in culture, 
1 1 .4% of the cells replicated. Two days later the percent 
of replicating cells increased to 41.5%, and by 10 days in 
culture (3 days after the first passage) the percentage rose 
to 59.5%. In sections of normal pancreas about 80% of 
islet cells stain for insulin. However, in isolated human 
islets the percent of insulin -1 " cells is lower, reflecting a 
rapid dediflferentiation. In the dissociated islet culture, 
intense insulin staining was visible after 3 days in culture 
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Table 1 

Effect of time in culture and BTC treatment on cell size, replication, and insulin expression 

Time in culture AT a % replicating % insulin" 4 " Nuclear area (um 2 ) 



All cells Replicating Insulin 



3 days 


2481 


11.4 


15.4 C 


89±51 b ' c 


142db 59 b e 


57 ± 26 d 


5 days 


1787 


41.5 


9.4 C 


143 ± 67° 


175db60 b * c 


50 ± 35 d 


10 days 


2732 


59.5 


5.6 C 


139±47 h 


142 db 52" 


35 ± 18 d 


5 weeks 


1263 


53.5 


0.5 C 


214±97 b ' c 


171 ±65 


n.d. 


5 weeks + 6 days BTC 


1954 


25.1 


10.9 C 


199 ± 118 


174 db 105" 


43 ± 27 d 



B Number of individual nuclei analyzed. 

h p values compared with the immediate group below in the same column <4.5E-9. 
c p values compared with the group immediately to the right <1.3E— 7. 
d p values compared with all cells on the same day <1.84E— 33. 
c Intensely stained cells. 



in 15.4% of the cells. Insulin staining was restricted to 
the smallest cells (nuclear area 57 db 26 |im 2 ). Most of 
these cells were not labeled with two markers of prolifer- 
ating cells, BrdU and Ki67 (Fig. 1). Nevertheless, occa- 
sional Ki67 + cells manifesting weak insulin staining 
could be observed (Fig. 1). In contrast, BrdU staining 
was seen in the majority of the larger (nuclear area 

142 db 59 |im 2 ), insulin-negative cells. After 5 days in cul- 
ture, the average cell size increased by 60% (nuclear area 

143 rb 67), and the percent of insulin" 1- cells decreased to 
9.4%. After 10 days in culture the average cell size was 
unchanged and the percent of insulin 4 * cells was only 
5.6%. Nevertheless, most of the replicating cells stained 
for the P-cell markers prohormone convertase (PC) 1/3 
and PC2 (Fig. 1). The loss of insulin expression was fast- 
er than that of Pdxl, as seen in Fig. 1G (arrows), show- 
ing ins-negative cells stained for Pdxl. Expression of the 
mesenchymal marker vimentin was observed in all the 
cells following 6 days in culture, including in cells that 
still expressed Pdxl (Fig. 1H) and insulin (data not 
shown). 

The doubling time of this cell population was 7 days. No 
significant cell mortality was observed, as judged by an 
apoptosis assay (data not shown). These cells, termed 
PHID (proliferating human islet-derived) cells, were con- 
tinuously propagated for 16 passages without a noticeable 
change in cell replication rate and without detectable apop- 
tosis. This passage number represents an expansion of over 
65,000-fold. After 4 months of continuous replication, sig- 
nificant cell senescence developed, as manifested by a great- 
ly reduced replication rate, about once in 2 weeks. These 
results were reproducible with islets from multiple donors, 
both males and females, aged 27-73. 

Cell replication was accompanied by a decrease in tran- 
scription of key genes expressed in normal, quiescent beta 
cells. Thus, Insulin mRNA levels decreased considerably 
by passage 3 and were barely detectable thereafter 
(Fig. 2 A). Similarly, expression of the P-cell transcription 
factors Pdxl, Beta2, and Nkx2.2, as well as the glucose 
transporter GLUT2, was also downregulated. In contrast, 
reduced levels of transcripts encoding the transcription fac- 
tor lsll, as well as PC 1/3 and glucokinase (GK), persisted 
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Fig. 2. DedifTerentiation of PHID cells. (A) RT-PCR analysis of gene 
expression in PHID cells following the indicated number of passages. 
Transcripts were analyzed with the indicated primers, in comparison with 
a negative control (-, minus-template) and a positive control (+, human 
islet RNA). The GAPDH gene was used to monitor mRNA and cDNA 
quality and loading. (B) Immunofluorescence analyses of cells at p.5. 
Bar = 50 um. 



in the proliferating cells. Similar to insulin, glucagon 
expression, as well as expression of the a-cell transcription 
factor Pax6, also decreased between passages 2 and 5. In 
contrast, expression of the genes encoding the islet 
hormones pancreatic polypeptide (PP) and somatostatin 
persisted until later passages. PC 1/3 and PC2 immuno- 
staining was detectable in the majority of cells at p.5 
(Fig. 2B), indicating that the proliferating population was 
derived from P cells and continued to express 3-cell mark- 
ers. In addition, PP staining was observed in a large percent 
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Table 2 

Gene expression in dedifferentiated PHID cells at p.5 



Gene 



Relative expression 



Insulin 
NKX2.2 
GK 
PC 1/3 
PC2 



0.01 ±0.01 
0.002 ± 0.00 
0.13 ±0.03 
0.11 ±0.01 
0.13 ±0.01 



RNA levels in PHID cells were quantitated by real-time RT-PCR and 
expressed as a fraction of the levels in freshly isolated human islets. Values 
arc means ± SD (n = 3). 



A 

GAPDH 
Insulin I 

B -BTC 
GAPDH 



+BTC 



of the cells (Fig. 2B). These findings were confirmed by 
real-time RT-PCR quantitation (Table 2). 

The percent of proliferating cells remained stable follow- 
ing 5 weeks in culture, while the percent of insulin + -cells 
decreased to 0.5% (Table 1). The average nuclear area, 
compared with that of the 3-day culture, increased by that 
time 2.4-fold (Table 1). 

To induce redifTerentiation of the dedifferentiated 
PHID cells, they were treated with a number of factors 
reported to affect P-cell differentiation and proliferation. 
As seen in Fig. 3A, treatment with BTC resulted in res- 
toration of expression of insulin mRNA, while exendin-4 
had only a small effect at the concentration tested. In 
contrast, shift of the cells to serum-free medium for 6 
days, or the use of activin A, did not restore insulin 
expression. The effect of BTC was further evaluated. A 
6-day treatment with BTC restored expression of multi- 
ple P-cell genes, including insulin, transcription factors 
(Pdxl, NeuroD, Nkx2.2, and Nkx6.1), a gene involved 
in glucose sensing (GLUT2), and the p-cell marker islet 
amyloid polypeptide (IAPP) (Fig. 3B). In addition, 
expression of Pax6 and glucagon was also increased. 
Intense insulin immunofluorescence was visible in 10.9% 
of cells following treatment with BTC, a 22-fold increase 
(Fig. 4C, Table 1). The intense insulin staining was 
restricted to the smallest cells (Fig. 4C, Table 1), which 
did not label with BrdU or Ki67. A similar percent of 
cells manifested intense staining for human C-peptide 
(Fig. 4D). In addition to the intense insulin staining, a 
weak staining for insulin was visible in many replicating 
cells following treatment with BTC (Fig. 4B). The per- 
cent of replicating cells decreased from 53.5% to 25.1% 
following BTC treatment (Table 1). 

Consistent with re-appearance of insulin mRNA and 
immunostaining, insulin content increased in cells treated 
with BTC (Tables 3 and 4). A considerable difference was 
observed between the 9 donors tested with respect to the 
maximal insulin content restored (Table 4). Variability 
was also noted with respect to the most effective concentra- 
tion of BTC. Thus, in donor #5 BTC at 1 nM induced a 
396x increase in insulin content, while in donor #7 the 
maximal increase of 19x was obtained with 6 nM BTC. 
The restored insulin content in donor #5 represents 20% 
of total cellular protein, a level in the range of that of nor- 
mal P cells (insulin content in human pancreata varies 



Insulin 




Fig. 3. RedifTerentiation of PHID cells at p.5 following treatment with 
BTC. (A) RT-PCR analysis of cells treated with exendin-4 (lane 1), BTC 
(lane 2), activin A (lane 3), serum-free medium (lane 4), and expansion 
medium (lane 5). (B) RT-PCR analysis of cells treated with BTC. In both 
A and B human islet RNA was used as positive control (+), however in B 
its amounts were 5x lower, compared with PHID cell RNA. The negative 
control (-) is reaction mix without template. 

widely. The study in [15] cites values between 1 and 
15 mg per pancreas, which contains about 10 9 islet cells). 
The insulin content in cells from donor #7 is consistent 
with the finding that only 10.9% of the cells from this 
donor manifested intense insulin immunostaining (Fig. 4 
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Fig. 5. Effect of BTC on insulin secretion in PHID cells at p. 5. Glucose- 
induced insulin secretion in K.RB containing 0.5 mM IBMX and the 
indicated concentrations of glucose during a 30-min incubation. Values 
are means ± SD (n — 3). 



Fig. 4. Effect of BTC on insulin expression in PHID cells at p. 5. 
Immunofluorescence analyses of cells from donor #7 following BTC 
treatment. (A,B) Photographed at a high exposure for Cy3, to visualize 
weak insulin staining. (C,D) Photographed at a low exposure for Cy3, to 
visualize fields with intensely stained cells. Bar = 50 jam. 



Table 3 

Insulin content in PHID cells at p.5 following treatment with BTC 
Donor # BTC (nM) Insulin content (ng/10 6 cells) Fold increase 



0 


51 ± 1 


1 


0.5 


10,687 ± 138 


209 


1 


20,217 ±495 


396 


1.5 


16,226 ±959 


318 


0 


127 ±71 


1 


0.5 


1,613 ±30 


13 


1 


1,751 ± 195 


14 


2 


1,952 ± 194 


15 


4 


2,020 ±240 


16 


6 


2,382 ± 272 


19 


8 


162 ±59 


1 



and Table 1). Overall, BTC showed an inductive effect in 6 
out of the 9 donors tested: in 4 of them it had a pronounced 
effect (including in one tested only at the RNA level — see 
Fig. 3), while in 2 other donors it had only a 2-fold effect. 

Insulin secretion from the redifferentiated cells was 
glucose-responsive, showing a 3-fold increase between 0 
and 16 mM glucose; however, the basal level was high, 
compared with normal islets (Fig. 5). The percent of 
insulin content secreted at 16 mM glucose during a 30- 
min period was 0.7%, which is similar to that of normal 
human islets. C-peptide secretion from these cells in 
response to 16 mM glucose was 82 ± 21 ng/10 6 cells/ 
30 min. 

The dependence of the redifferentiated phenotype on the 
continuous presence of BTC was evaluated by switching 
the cells to regular growth medium lacking BTC. This 
resulted in a 38% decrease in insulin content following 7 
days of culture. 

Discussion 

Our findings demonstrate that adult human islet cells 
can be significantly expanded in vitro in a simple medium. 



Table 4 



Effect of BTC in PHID cells derived from multiple donors 


Donor # 


Donor sex 


Donor age 


BTC effect 








Serum Presence 








Insulin content (ng/10 6 cells) 


BTC Cone. (nM) 


Fold stimulation 










Untreated 


Treated 








1 


m 


57 


37 ±30 


66 ± 18 


0.5 


2 


+ 


2 


m 


53 


30±7 


575 ± 119 


1 


19 




3 


f 


44 


n.d. 


n.d. 


4 


n.d. 




4 


f 


73 


129 ±18 


132 ±9 


1 


0 


+ 


5 


f 


51 


51 ± 1 


20,217 ±495 


1 


396 


+ 


6 


m 


49 


133 ±27 


125 ±6 


1 


0 


+ 


7 


f 


54 


127 ±71 


2,382 ± 272 


6 


19 


+ 


8 


f 


27 


126 ±3 


228 ±8 


4 


2 


+ 


9 


m 


58 


110±5 


115±9 


4 


0 





PHID cells at passages 4-6 were treated with BTC for 6 days. The maximal increase in cellular insulin content in response to the indicated concentration of 
BTC is shown. Cells from donor #3 were analyzed only by RT-PCR. n.d., ELISA not done. 
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The cell doubling time is relatively long, about 7 days. The 
findings that the majority of islet cells were induced to rep- 
licate within a few days in culture (the number of replicat- 
ing cells quantitated by BrdU labeling is likely an 
underestimate, since a BrdU pulse of 24 h may not label 
all cycling cells in a non-synchronous culture with a 
doubling time of 7 days), and that the replicating cells con- 
tinued to express p-cell markers, suggest that most PHID 
cells originated from differentiated, insulin-expressing cells, 
rather than from a rare population of stem/progenitor cells 
which may reside in the islets, or impurities of pancreatic 
exocrine or duct cells present in the islet preparation. This 
possibility is supported by the finding of cells double-la- 
beled for insulin and !Ci67. However, a direct demonstra- 
tion of this origin awaits lineage-tracing experiments. Our 
findings suggest that entrance into the cell cycle is accom- 
panied by dedifierentiation and an increase in cell size. 
Insulin expression is rapidly lost, however, other markers 
of differentiated beta cells, such as PC 1/3, persist in the 
expanded, dedifferentiated cells. In addition, expression 
of PP, which is restricted in normal islets to a few percent 
of the cells, becomes prevalent in the expanded cell popula- 
tion. This suggests that the dedifferentiated cells may 
assume the phenotype of immature cells observed during 
normal islet development, in which PP expression appears 
in a larger percent of islet cells in combination with other 
islet hormones [16,17]. A recent report by Gershengorn 
et al. [18] has shown that human islets cultured in a similar 
medium undergo an epithelial-to-mesenchymal transition 
(EMT) into cells with a doubling time of 60 h, which could 
be expanded 10 12 -fold. Following serum depletion, low lev- 
els of insulin were detected in these cells. Our findings, 
demonstrating continuous expression of islet markers in 
the expanded cell population, a much slower replication 
rate, and a significantly higher insulin content upon redif- 
ferentiation, differ from this report. Nevertheless, expres- 
sion of the mesenchymal marker vimentin was induced in 
all PHID cells. Its co-expression with P-cell markers 
(Fig. 1H) supports a partial EMT. One possible source 
for differences between the 2 reports is the initial culture 
conditions. While the study of Gershengorn et al. [18] cul- 
tured intact islets, this study cultured single cell suspension 
following islet dissociation by trypsinization. The culture of 
single cells may expedite their dedifierentiation and 
entrance into the cell cycle, while culture of intact islets 
may prolong this process and allow expansion of other, less 
abundant cell types. 

The most significant finding reported here is the ability 
of BTC to restore a normal P-cell phenotype in PHID cells, 
as manifested by induction of expression of multiple P-cell 
genes, synthesis and storage of high levels of insulin, and 
glucose-induced insulin release. To our knowledge, the 
insulin content reported here is the highest for human islet 
cells following significant expansion in vitro. Since the dif- 
ferentiation protocol does not involve insulin-supplement- 
ed serum replacement components, and the cells contain 
insulin mRNA and C-peptide, the source of insulin is 



apparently biosynthesis in the PHID cells. Intense insulin 
staining was seen only in small, non-replicating cells, indi- 
cating that differentiation involved withdrawal from the 
cell cycle and a decrease in cell size. Nonetheless, a weak 
insulin staining was induced in many larger, replicating 
cells. The differentiating activity of BTC occurred in the 
presence of serum and was not improved by serum removal 
(data not shown). In addition, serum-free medium alone 
did not induce PHID cell differentiation. This is in contrast 
to a recent report using a subgroup of adherent islet cells 
expanded in the presence of epidermal growth factor and 
nerve growth factor, which showed variable effects of 
serum depletion on restoration of insulin expression [19]. 
However, the differentiated cells generated by this treat- 
ment were not glucose-responsive. 

The molecular mechanism leading to BTC-induced 
PHID cell differentiation remains to be elucidated. BTC 
is a member of the epidermal growth factor family, which 
has been first identified in the conditioned medium of cell 
lines derived from mouse pancreatic P-cell tumors [20]. 
BTC is a potent mitogen for a number of cell types, includ- 
ing beta cells [21,22], It was shown to increase islet neogen- 
esis in alloxan- [23] and streptozotocin-treated mice [24], 
and accelerate islet regeneration in 90%-pancreatectomized 
rats [25]. In combination with activin A, BTC induced dif- 
ferentiation of a pancreatic exocrine cell line (AR42J) into 
insulin-producing cells [26]. In combination with Pdxl 
expression, BTC treatment induced insulin expression in 
the mouse glucagonoma cell line otTCl-6 [27], and the rat 
intestinal cell line IEC-6 [28]. Finally, in vivo BTC treat- 
ment of mice expressing NeuroD in liver cells induced con- 
version of these cells into insulin-producing cells [29]. These 
findings suggest that BTC plays an important role in main- 
tenance of a normal islet mass in health and disease. BTC 
did not manifest a mitogenic effect in PHID cells, as the 
percent of replicating cells decreases following BTC treat- 
ment. BTC acts by binding to members of the tyrosine 
kinase erbB receptor family. This triggers receptor phos- 
phorylation and signaling to the cell nucleus through a cas- 
cade of mediators, resulting in modulation of gene 
transcription [30,31]. The modulated genes may include 
key P-cell transcription factors such as Pdxl, NeuroD, 
Nkx2.2, and Nkx6.1, whose expression was observed to 
be induced by BTC in PHID cells. In turn, these factors 
could stimulate insulin biosynthesis, storage, and regulated 
secretion. Microarray analyses of the entire spectrum of 
changes in gene expression affected by BTC treatment 
may provide further mechanistic insights. 

The basis for the variability observed among donors 
with respect to the BTC effect remains to be elucidated. 
It does not appear to correlate with donor age or sex. This 
variability will require screening of a number of donors for 
finding a source of PHID cells, in which BTC can restore a 
sufficient insulin content to make them suitable for trans- 
plantation. Nevertheless, the properties of PHID cells fol- 
lowing the differentiation affected by BTC render them 
excellent candidates for development of an abundant 
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source of cells, which are not genetically manipulated, for 
(3-cell replacement therapy of type 1 diabetes. Combined 
with means to prevent immune rejection, this approach will 
allow transplantation of functional islet cells from a single 
donor into multiple recipients. 
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Epithelial-to-Mesenchymal 
Transition Generates Proliferative 
Human Islet Precursor Cells 

Marvin C. Gershengorn,* Anandwardhan A. Hardikar, Chiju Wei, 
Elizabeth Geras-Raaka, Bernice Marcus-Samuels, Bruce M. Raaka 

Insulin-expressing beta cells, found in pancreatic islets, are capable of gen- 
erating more beta cells even in the adult. We show that fibroblast-like 
cells derived from adult human islets donated postmortem proliferate readily 
in vitro. These mesenchymal-type cells, which exhibit no hormone expression, 
can then be induced to differentiate into hormone-expressing islet-like cell 
aggregates, which reestablishes the epithelial character typical of islet cells. 
Immunohistochemistry, in situ hybridization, and messenger RNA measure- 
ments in single cells and cell populations establish the transition of epithelial 
cells within islets to mesenchymal cells in culture and then to insulin- 
expressing epithelial cells. 



A goal of diabetes research is to generate 
large numbers of cells from islets of Langer- 
hans (beta cells) for replacement therapy 
(1-3). Although beta cells proliferate in vivo 
(4) and in vitro (5), well-differentiated cells 
do not proliferate rapidly (6). It is likely that 
expansion of mature islet cells would not 
yield adequate cell numbers. Stem cells with 
potential for extensive proliferation and dif- 
ferentiation have been postulated but have not 
been identified definitively within the adult 
pancreas (7-/5). Epithelial cells within the 
adult pancreas, however, could be isolated in 
vitro as undifferentiated cells and could be 
induced to expand and redifferentiate, thereby 
serving as islet precursors. Indeed, epithelial- 
to-mesenchymal transition (EMT) has been 
documented in vitro and in vivo during de- 
velopment and carcinogenesis (6, 14-16), 
We show that cells from adult human islets 
undergo reversible EMT to produce prolif- 
erating precursors of islet-like cell aggre- 
gates (ICAs). The unexpected plasticity of 
human islet-derived precursor cells (hIPCs) 
may be exploited to generate cells for replace- 
ment therapy. 

We demonstrated previously (17) that 
clonal human pancreatic cancer (PANC-1) 
cells and hi PCs can transition into hormone- 
expressing ICAs. PANC-1 cells transitioned 
from epithelial cells that proliferate in 
adherent monolayers into spherical ICAs 
after a change from serum-containing medi- 
um (SCM) to serum-free medium (SFM). In 
SCM, PANC-1 cells exhibit a "ductal" 
phenotype, expressing cytokeratins-7 and 
-19 (Ck-7/19) but no insulin or glucagon, 
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whereas ICAs exhibit an endocrine pheno- 
type with cells expressing insulin or gluca- 
gon, PANC-1 ICAs could be maintained in 
SFM for several weeks, and the phenotype 
could be reversed by reexposure to SCM 
(fig. SI A) (76*). ICAs deaggregated rapidly 
with cells flattening and migrating out within 
18 hours (movie SI) to recreate a population 
indistinguishable from parental cells by 48 
hours (fig. SI A). After 12 hours in SCM, 
most cells that had migrated expressed 
Ck-7/19 and about 10% of these cells co- 
expressed insulin, which suggests that endo- 
crine cells were transitioning to the ductal 
phenotype (movie S2). PDX1, a factor 
involved in insulin gene transcription (19), 
was observed primarily within ICAs. 



During ICA formation in SFM, Ck-19 
mRNA decreased by a factor of ~10, 
whereas proinsulin mRNA increased by a 
factor of at least 1000 from an initially 
undetectable level (Fig. 1A). Low levels of 
proglucagon transcript were detected in 
ductal cells and increased about 100-fold 
during transition. When 30-day ICAs were 
exposed to SFM supplemented with fetal 
bovine serum or epidermal growth factor 
(EGF) (Fig. 1A), deaggregation was asso- 
ciated with decreases in proinsulin and 
increases in Ck-19 transcript levels. When 
these cells were reexposed to SFM without 
EGF, proinsulin mRNA was up-regulated 
and Ck-19 mRNA was down-regulated. 
Furthermore, when PANC-1 ICAs were 
returned to SCM, some cells that migrated 
were positive for proinsulin mRNA and 
Ck-7/19 peptides (Fig. IB), which indicated 
that the transition from ductal to endocrine 
phenotype was reversible. Transcript levels 
for the intermediate filament protein Ck-19 
remained relatively high even when it was 
not detectable by immunostaining. This may 
be because Ck-19 stains better when in 
filamentous form in migratory cells rather 
than in nonfilamentous form in ICAs. 

Transition from one epithelial phenotype 
to another may involve a mesenchymal in- 
termediate (16). Vimentin, another inter- 
mediate filament protein, is used as a marker 
of mesenchymal cells (16). After 3 hours 
in SFM, PANC-1 cells migrating into ICAs 
(1 7) expressed vimentin in filaments, where- 
as parental PANC-1 cells in SCM did not 
(fig. SIB). Thus, PANC-1 cells appear to un- 
dergo epithelial-to-mesenchymal-to-epithelial 
transitions. 




Fig. 1. PANC-1 cells undergo reversible 
epithelial-to-mesenchymal-to-epithelial 
transition. (A) Transition from "ductal" 
to endocrine phenotype. Cells were 
incubated in SCM and changed to SFM 
as described (77) on day 0, to SFM -f 
EGF on day 30, and to SFM on day 50. 
Proinsulin and Ck-19 mRNAs were mea- 
sured by quantitative RT-PCR. (B) Cells 
expressing proinsulin mRNA or Ck-7/19 
peptide or both (arrowheads) were pre- 
sent 18 hours after ICAs were exposed 
to SCM. Scale bars, 10 urn. 
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Like PANC-1 cells, hIPCs are prolifera- 
tive cells that can be induced by serum 
deprivation to differentiate into hormone- 
expressing ICAs (see below). Having ob- 
served reversible EMT in PANC-1 cells, 



we hypothesized that hi PCs derived from 
islet epithelial cells by EMT, specifically 
from a heterogeneous population of adherent 
cells that emerge from islets (fig. S2A). 
After 2 days in culture, more than 40% of 



Table 1. Expression of representative epithelial and mesenchymal mRNAs in human islets and hIPCs. 
Total RNA was prepared from human islets within 3 days of organ donation from a single donor (Single) 
or pooled from 3 donors (Pooled) and from hIPCs derived from 3 individual donors (A, B, or C) at 
passages 8 (p8), 10 (p10) t or 16 (p16). INS, proinsulin; CCG, proglucagon; GCK, glucokinase; PDX1, 
insulin promoter factor 1; CLP1R, glucagon-like peptide 1 receptor; CDH1, E-cadherin; CLDN3, claudin 3; 
CLDN4, claudin 4; OCLN, occludin; PECAM1, platelet/endothelial cell adhesion molecule (CD31); VIM, 
vimentin; NES, nestin; ACTA2, smooth muscle actin alpha 2; ACTG2, smooth muscle actin y 2; ENG, 
endoglin (CD105); MMP2, matrix metalloproteinase 2; SNAI1, snail homolog 1; SNAI2, snail homolog 2; 
THY1, Thy-1 cell surface antigen; P4HA1, prolyl 4-hydroxylase alpha subunit ND, not determined. 
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cells were positive for C-peptide (peptide 
derived from the connecting region), and 3% 
were positive for vimentin (Fig. 2A); cells 
expressing both proteins were not observed. 
By day 7, 28% were positive for vimentin, 
C-pepti de-positive cells decreased to 36% 
and, most important, 3% were positive for 
both proteins. The trend of increasing 
vimentin and decreasing C-peptide expression 
continued through day 14. It is noteworthy 
that cells positive for both proteins were not 
observed at the later time, which suggests 
that double-positive cells may reflect a 
transient state as C-peptide-positive cells 
transition to vimentin-positive hIPCs. In 
general, insulin-positive cells were smaller 
than vimentin-positive cells. Size is a char- 
acteristic of different phenotypes within a 
single hi PC population, because cultures of 
"small" cells contained cells of both sizes 
within 3 days (fig. S3, A and B). 

In situ hybridization (18) showed that 
some adherent cells emerging from islets 
were positive for proinsulin mRNA and for 
vimentin protein (Fig. 2B), even though 
most cells were vimentin-negative (Fig. 2A). 
Vimentin staining was filamentous as in mes- 
enchymal cells (6) and migratory PANC-1 
cells (fig. SIB). Similarly, cells emerging 
from islets after 4 days express filamentous 
arrays of nestin, smooth muscle actin, and 
vimentin (fig. S2B). These data suggest that 
hIPCs are derived from insulin-expressing 
cells by EMT. To test this hypothesis, we 
measured proinsulin transcript in randomly 
selected, adherent single cells during the first 
17 days of culture (Fig. 2C). During days 2 
through 8, when the number of viable cells 
remained constant, most cells were positive 
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Fig. 2. hIPCs are derived from 
insulin-expressing cells by epithelial- 
to-mesenchymal transition in vitro. 
(A) Cells migrating out from adult 
human islets lose expression of C- 
peptide and express vimentin pro- 
tein in filaments. Islet cultures were 
harvested with trypsin at days 2 
(D2), 7 (D7), and 14 (D14); cyto- 
spun; and immunostained for C- 
peptide and vimentin. From >400 
cells, the percentage positive for 
C-peptide (green), vimentin (red), 
both peptides (yellow), or neither 
(gray) is shown below each panel. 
Arrowheads identify cells express- 
ing C-peptide (green), vimentin (red), or both peptides (yellow). Similar transitions from 
mostly negative to mostly vimentin-positive cells were observed in each of six donor islet 
cultures. (B) Some cells migrating out from Islets at day 3 are positive for proinsMlin mRNA 
by in situ hybridization and vimentin protein, (arrowheads). (C) Single-cell analysis of 
proinsulin mRNA Individual cells werej selected from islet cultures as described (78)i:RNA 
was isolated and proinsulin transcript was measured by quantitative RT-PCR. Cell number 
increased twofold from day 11 to 14 and by 50% from day 14 to 17. Scale bars, 10 p. 
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for proinsulin, although transcript levels were 
distributed over three orders of magnitude. 
This suggests that our culture conditions 
select for proinsulin mRNA-positive cells. 
From day II to 17, the level of proinsulin 
transcript declined in individual cells. Most 
important, as the cell number doubled from 
day II to 14 and increased again by one- 
half from day 14 to 17, the percentages of 
proinsulin-positive cells were 95% (day 14) 
and 100% (day 17). If proliferative hIPCs 
had arisen from proinsulin transcript- negative 
cells, e.g., "stem cells," a doubling of cell 
number would have decreased proinsulin 
transcript-expressing cells to 50%, and a 
further increase in cell number by one-half 
would have decreased proinsul in-expressing 
cells to 33%. This did not occur. In two other 
islet preparations, proinsulin mRNA remained 
detectable in 79% and 74% of cells after 14 
days in culture. To demonstrate directly that 
insulin-expressing cells were proliferating, 
we labeled cells after 7 days in culture with 
BrdU for 40 hours and co-stained them with 
antibodies to BrdU and to C-peptide (fig. S4, 
A and B). Of the 38% of the cells in this 
experiment that were C-peptide-positive, 
more than one-fifth were also positive for 
BrdU, which indicated that these cells were 
proliferating. Taken together, our findings are 
most consistent with the conclusion that 
proliferating hi PCs originate by EMT from 
cells initially expressing insulin. 

After 2 weeks in culture, islets had 
flattened to generate a monolayer of cells; 
residual "islets" were comprised of granular, 
dead cells. Harvested and reseeded cells 



displayed a nearly homogeneous, fibroblast- 
like morphology (fig. S5A). hIPCs at this 
stage, about 14 days after islets were placed 
into culture, were defined as passage 0. In 3 
to 4 days, the culture reached confluence 
(fig. S5A). During the transition from cells 
within islets to hIPCs, markers for epithelial 
cells including E-cadherin, claudins 3 and 4, 
occludin, and PECAM1, as well as those 
specific for endocrine cells including pro- 
insulin, proglucagon, glucokinase, PDX1, 
and GLP1R, decreased, whereas markers 
of mesenchymal cells including vimentin, 
nestin, smooth muscle actins a 2 and y 2, 
endoglin, matrix metalloproteinase 2, snail 
homologs 1 and 2, Thy-1 cell surface 
antigen, and prolyl 4-hydroxylase increased 
(Table 1). Cells isolated by Beattie et al. (20) 
and Bouckenooghe et al. (21) appear similar 
to hi PCs, and they may have arisen by EMT 
also. Unlike many other primary cell pop- 
ulations derived from human or rodent islets 
(10, 20), hi PCs exhibit substantial prolifera- 
tive potential for about 90 days (doubling 
time of 60 hours) (fig. S5B). Cells isolated 
from islets by Habener and colleagues (7, 22) 
proliferated well and may be similar to hIPCs. 
Cryopreserved cells resumed growth after a 
brief lag period at rates similar to those of 
cells never frozen. During the initial 3 months 
in culture, hIPCs expanded by almost 10 12 . As 
a primary culture, hIPC proliferation slowed 
at later passages, hi PCs from three different 
islet preparations at passages 4 to 14 exhibited 
normal karyotypes. At early passages, hIPC 
populations are positive for proinsulin mRNA, 
but the level decreased continuously and 




hIPC* 


Total 
Nuctel 




Glucagon 


10 
12 
14 


835 
870 
811 




161 (19%) 
138(16%) 
133(18*) 



Fig. 3. Characterization of hi PCs. (A) Immunostaining for 
|C-peptide and glucagon of 7-day ICAs from passage 10 
hIPCs. The table quantifies C-peptide- and glucagon- 
positive cells after immunostaining of 7-day ICAs from 
three hi PC preparations at the indicated passages. (B) 
Proinsulin, proglucagon, glucagon-like peptide- 1 receptor (CLP-1R), and glucokinase (CCK) mRNAs 
increase 'amfvimCT^ 

proinsulin mRNA at different hIPC passages. Scale bar, 20 um. 



became undetectable by passage 10 (fig. 
S5B). The gradual loss of proinsulin transcript 
may reflect the long half-life of proinsulin 
mRNA, estimated to be about 30 hours in 
rodents (23). Other endocrine-specific tran- 
scripts, including proglucagon, glucagon-like 
peptide 1 receptor, and glucokinase, also 
decreased and were undetectable by passage 
10 (Table 1). 

Up to passage 30, hi PCs could differentiate 
into ICAs when deprived of serum. Before 
differentiation, hi PCs showed immunostaining 
for vimentin (94% of cells), nestin (75%), and 
smooth muscle actin (98%) in prominent 
filaments (fig. S2B) like mesenchymal cells 
(6, 16) and were negative for C-peptide. In 
contrast, cells within ICAs expressed C- 
peptide and glucagon (Fig. 3A). C-peptide 
staining was used to exclude detection of 
insulin in SFM (24). Immunostaining for C- 
peptide and glucagon of 7-day ICAs from 
passages 10, 12, or 14 showed that 27 ± 4% of 
cells stained positively for C-peptide and 1 7 ± 
2%, for glucagon (Fig. 3A). The transition of 
hIPCs into ICAs increased proinsulin mRNA 
at least 1000-fold over initially undetectable 
levels and proglucagon mRNA over 100-fold 
(Fig. 3B). Transcripts for glucagon-like pep- 
tide 1 receptor and glucokinase also increased 
more than 10-fold. Thus, endocrine-specific 
transcripts increased when mesenchymal 
hIPCs transitioned into epithelial ICAs. Ex- 
pression of claudin 3 and 4 mRNAs (25) 
increased whereas expression of smooth 
muscle actin alpha2 and gamma2 mRNAs 
(16) decreased in ICAs, further supporting the 
epithelial transition. 

Proinsulin transcript induction was com- 
pared at different passages. At passages 3, 4, 
or 6, proinsulin transcript increased about 
10-fold over initially detectable levels (Fig. 
3C) whereas at passages 10 through 18, it 
increased at least 100- to 1000-fold over 
initially undetectable levels. At passages 
later than 27, smaller increases in proinsulin 
transcript were observed. Induction of pro- 
insulin transcript by 100- fold or more 
occurred consistently in ICAs generated 
from mid-passage hIPCs from six separate 
donor islets (fig. S6). Although hIPC ICAs 
reproducibly exhibited marked induction of 
proinsulin mRNA expression, the level 
attained was less than 0.02% of that in 
human islets. Thus, hIPC ICAs are not 
comparable to islets in the levels of insulin 
(or glucagon) expression. However, cells 
within hi PC ICAs exhibit the following 
features of islets: Insulin C-peptide is 
detected by immunostaining (Fig. 3A); in 
preliminary experiments, ICAs secreted C- 
peptide under basal and stimulated conditions 
in vitro (26) and human C-peptide was 
measured in blood from three of six SCID 
mice implanted with ICAs under their kid- 
ney capsules, and after 14 days, implants 
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from these three mice immunostained for 
human C-peptide. The blood levels of hu- 
man C-peptide in the three mice were 0.22, 
0.51, and 0.91 ng/ml and similar levels were 
found to reverse hyperglycemia in mice trans- 
planted with insulin-expressing cells differ- 
entiated from human fetal liver progenitor 
cells (27). 

In most previous attempts to generate 
beta cells in culture from adult islets, 
maintenance of insulin expression during 
culture was attempted (5, 20, 21). The cells 
obtained in these experiments did not expand 
well nor did they exhibit marked induction 
of insulin expression. Another approach was 
to select for cells that expressed genes, e.g., 
nestin, that were thought to identify precur- 
sor cells (7, 22). Although the origin of these 
cells was not considered, they were derived 
from adherent islet cells and are likely 
similar to hIPCs, because about 75% of 
hIPCs are immunopositive for nestin. We 
show that hi PCs are "true" endocrine pan- 
creas precursor cells that exhibit a mesen- 
chymal phenotype before transition into 
epithelial clusters containing cells expressing 
insulin or glucagon. Indeed, hIPCs are highly 
proliferative and can be expanded by a factor 
of >I0 12 and, therefore, could serve as cells 
for replacement therapy for diabetes if their 
insulin output, in particular that in response 
to glucose, could be optimized and they 
could be shown to be safe and effective upon 
implantation. 

The origin of hIPCs is important because 
it provides information about the potential 
plasticity of insulin-expressing cells, and 
perhaps of other epithelial cell types, at least 
after culture in vitro. In contrast to the 
prevailing view that the source of pancreas- 
derived precursor cells is adult stem cells, we 
provide strong evidence that hIPCs are de- 
rived from insulin-expressing cells by EMT. 
This conclusion would be strengthened by 
permanently marking insulin-expressing cells 
in situ for cell lineage analysis as performed 
in mouse models (4, 28), but these ex- 
periments are not possible in humans. Our 
studies, however, do not negate the possibil- 
ity that adult stem cells are present within 
islets and contribute to beta cell generation 
in vivo. 

Last, although our observations regarding 
EMT were made with insulin-expressing 
cells in vitro, a similar phenomenon may 
occur in vivo. Using genetically engineered 
mice, Dor et aL recently provided evidence 
that new insulin-expressing beta cells are de- 
rived from "preexisting" beta cells in vivo (4). 
These authors concluded, "Adult pancreatic 
P-cells are formed by self-duplication." An- 
other interpretation of their data, consistent 
with our observations, is that new beta cells 
are generated from preexisting beta cells by 
reversible EMT. 
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(5). Despite extensive studies of the Hh path- 
way, the sequence of events leading to a bio- 
logical function has yet to be fully defined. In 
vertebrates, extracellular Shh glycoprotein 
binds to the 1 2-transmembrane-spanning pro- 
tein, Patched (Ptc), and relieves the inhibitory 
effect of Ptc on Smoothened (6). Smoothened 
is a signaling molecule that causes down- 
stream uncoupling of the negative regulator 
Su(fu) protein from the Gli transcription 
factors (7). The subsequent nuclear trans- 
location and DNA binding of Gli 1 and Gli2, 
and possibly of GK3, is followed by the in- 
creased transcription of a number of genes, 
including pic itself (8) and nkx2.2 (9). In con- 
trast, the proteolytic cleavage of GH3, pro- 
moted by cAMP-dependent protein kinase 
(PKA) phosphorylation in the absence of a 



p-Arrestin 2 Regulates Zebrafish 
Development Through the 
Hedgehog Signaling Pathway 
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P-arrestins are multifunctional proteins that act as scaffolds and transducers 
of intracellular signals from heptahelical transmembrane-spanning receptors 
(7TMR). Hedgehog (Hh) signaling, which uses the putative 7TMR, Smoothened, is 
established as a fundamental pathway in development, and unregulated Hh 
signaling is associated with certain malignancies. Here, we show that the 
functional knockdown of p-arrestin 2 in zebrafish embryos recapitulates the 
many phenotypes of Hh pathway mutants. Expression of wild-type p-arrestin 2, 
or constitutive activation of the Hh pathway downstream of Smoothened, 
rescues the phenotypes caused by p-arrestin 2 deficiency. These results suggest 
that a functional interaction between p-arrestin 2 and Smoothened may be 
critical to regulate Hh signaling in zebrafish development 
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Medical School 
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2000-2002 American Diabetes Association, Scientific Sessions Committee 
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2002 Scientific Review Board, Steno Diabetes Center 
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Women's 

2004 Head, Diabetes Program, Harvard Stem Cell Institute . 



Medical College of Virginia 

1977- 1984 Clinical Practice Committee, Department of Medicine 

1978- 1984 Board of Directors, University Internal Medicine Foundation 

1 979- 1982 M-III Clerkship Committee, Department of Medicine 

1 979- 1982 Endocrine Course Director (2nd yr class), School of Medicine 
1981-1 984 School of Medicine Promotion and Tenure Committee, Chairman 
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Joslin Diabetes Center 

1984-1 993 Board of Trustees 

1 984- 1 993 Professional Advisory Council 

1987-1 993 Trustee and Member Affairs Committee 

1 989- 1 993 Patient Care Assessment Committee, Chairman 

1 994- 1 996 Medical Record Committee, Chairman 

1996-1998 Board of Trustees 



Deaconess Hospital/Beth Israel Deaconess Medical Center 

1984- 1 993 Medical Advisory Board 

1985- 1993 Staff Membership Committee 
1985-1989 Long Range Planning Committee 

1985-1 993 Executive Committee, Department of Medicine 
1987- Medical Records Committee 



Harvard Medical School 

1 990- 1 993 Committee on Promotions, Reappointments and Appointments 

1993-1997 Committee on Conflicts of Interest and Commitment 

1 996- 1 999 Subcommittee of Professors 
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1 974- American Diabetes Association 

1 974- 1981 American Federation for Clinical Research 

1976 Endocrine Society 

1 977- 1 984 Southern Society for Clinical Research 

1 977- 1 984 American Diabetes Association (Virginia Affiliate President 

(1981-1982). Richmond Chapter, President, 1983-1984 

1978- 1985 American Society for Clinical Investigation (currently emeritus 

member) 

1 979- 1 982 Councilor, Southern Section AFCR 

1984-1 990 American Diabetes Association (Massachusetts Affiliate Board of 
Directors) 

1 990- Cell Transplant Society (Councilor 1 999-2003 ; President-Elect 

2003-4), President, 2004 
1 99 1 - International Pancreas and Islet Transplantation Association 

(Councilor 1999-2003) 



Editorial Boards: 



1976-1985 Metabolism 

1 980- 1983 Endocrinology 

1 980- 1 982 American Journal of Physiology 

1986- 1988 Diabetes (Journal of the American Diabetes Association) 

1 987- 1 995 Drugs (Auckland) 

1988- 1 994 American Journal of Physiology 

1 989- 1 99 1 Journal of Clinical Endocrinology and Metabolism (Editor) 

1991- 1994 Cell Transplantation 

1 992- Diabetes, Nutrition, and Metabolism 

1993- 1 996 Endocrinology 
1997-2001 Diabetes, Editor-in-Chief 
2004 - Transplantation 



Awards and Honors: 



1972-1975 Daland Fellowship, American Philosophical Society 
1 975- 1 976 Capps Scholar, Harvard Medical School 
1 977-1 98 1 Research Career Development Award, National Institutes of 
Health 

1 980-1 98 1 Zyma Fellowship (Switzerland) 

1980 "Best Professor" of Endocrine Course (2nd year) medical student 
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Washington 

1987 Opening Lecture, Annual Belgian Diabetic Research Meeting 

1988 Lecture, Research Symposium on Beta Cell Function Annual 
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1988 Invited Lecturer: 13th International Diabetes Federation Congress, 
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1989 Invited Lecturer, Annual Meeting of the German Diabetes 
Association 

1990 Donald M. Silver Excellence in Research Award, Juvenile 
Diabetes Foundation 

1 990 Roerig Visiting Professor in Diabetes, University of California, 

San Francisco 

1 990 John Walker Moore Visiting Professor, University of Louisville 
School of Medicine 

1991 William Stadie Award, Philadelphia Chapter, American Diabetes 
Association 

1 99 1 Visiting Professor of Medicine, University of Hawaii 

1991 William N. Creasy Visiting Professor in Clinical Pharmacology, 

State University of New York at Buffalo 
1 991 Eighth Annual Novo Nordisk-McGill Lecturer in diabetes mellitus, 

Montreal 

1991 Keynote speaker, Annual Glucagon Meeting of Japan (Glucagon 
Kenkyukai) Osaka 

1992 Louise C. Buerki Visiting Professor, Henry Ford Hospital 

1993 Professor M. Ibrahim Memorial State of the Art Lecture, College 
of Physicians and Surgeons, Karachi, Pakistan 

1994 Pfizer Visiting Professor, Jefferson Medical College 

1995 Plenary lecture, German Diabetes Association 

1996 Plenary lecture, Spanish Diabetes Association 

1 997 One of "Best Doctors in Boston", Boston Magazine 

1998 Presentation. Congressional Biomedical Research Caucus on 
diabetes 

1 998 David Rumbough Award, Juvenile Diabetes Foundation 

1998 Keynote speaker, Bristol Immunology Group 

1998 Invited Lecture, Turkish National Diabetes Congress 

1998 Presentation Congressional Diabetes Caucus (September) 

1 999 U. Miami/V A/Pharmacia Upjohn Visiting Professor 
1999 Pfizer Visiting Professor, U. Of Rochester 

1999 Invited Speaker, Scottish Diabetes Meeting 

2000 Symposium Speaker, EASD, Jerusalem 

2001- Diabetes Research and Wellness Foundation Chair 

2001 Littlefield Lecture, Memorial Hospital, Rhode Island 
2001 Invited Lecture, Japanese Diabetes Society 

2001 William G. Blackard Lecture, Medical College of Virginia, 
Richmond 

2002 Visiting Professor - Annual Symposium, Diabetes Center, UCSF 

2002 Opening Lecture - AIDPIT Study Group - Igls, Austria 
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Meeting 

2003 Symposium speaker, IDF Meeting, Paris 

2003 5 th Annual Piero P. Foa Lecture, Wayne State School of Medicine 
2003-2006 JDRF - The Lewis-Sebring Family Foundation Research Project 

2004 Frontiers in Science Award - American Assoc. Clinical 
Endocrinologists 

2004 Opening Lecture - The 1 st Russell Berne International Diabetes 
Symposium, Jerusalem 
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Francisco 
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2006 Beverly Towery Lectureship - University of Louisville 
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PART II: Research, Teaching, and Clinical Contributions 



Major Research Interests: 



1 . Secretion from the Islet of Langerhans 



2. Insulin and glucagon secretion in non-insulin dependent diabetes 



3 . Transplantation of the islets of Langerhans 



1 A Teaching Experience: 

1976-1984 2 months of attending on general medicine, yearly 
1976-1984 3 months of attending on endocrinology, yearly 
1976-1984 Physical Diagnosis for second year students, yearly 
1976-1984 Numerous miscellaneous lectures given at all student levels and 
house staff 

1979-1982 Course Director, second year Endocrine Block, Medical College of 
Virginia 

1 984- Frequent attending on Endocrinology/Metabolism and Internal 

Medicine 

1 984-1 993 Harvard- Joslin Course in Clinical Diabetes-CME Course Director 
1986 American College of Physicians - Annual Meeting-ran workshop 

on complications of diabetes mellitus 
1 988-1 990 Harvard Medical School Introduction to Clinic coordinated 

Brigham & Women's Introduction to diabetes at Joslin 
1 990 Tutor Second year students Harvard Medical School Endocrine 

Block 
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IB Teaching Awards and Results of Teaching Evaluations: 

1980 "Best Professor" of second year endocrine course Medical College 

of Virginia 



Research Trainees 



Fellows 




Arrival/Depart 


Currrent Institution 


Current 










Position 


RN Honey, PhD 


Pre-doc 


1977-1980 


Unknown 




DF Trent 


Pre-doc 


1979-1981 


Virginia 


Medical 










practice 


J Brockenbrough 


Pre-doc 


1979-1982 


Anatomy, U FL 




RM Colella 


Post-doc 


1982-1984 


Anatomy, U Louisville 


Assoc Prof 


DF Fletcher 


Post-doc 


1979-1982 


Anatomy, U East Carolina 


Assoc Prof 


JL Leahy 


Post-doc 


1982-1984 


U Vermont 


Prof of 








Medicine 


Dov Gefel 


Post-doc 


1985-1987 


Israel 


Academic 










medicine 


Grant Hendrick 


Post-doc 


1986-1988 


Industry 


Scientist 


Hyun Chul Lee 


Post-doc 


1986-1988 


Korea 


Prof 


George T Schuppin, PhD 


Post-doc 


1989-1993 


Industry 


Scientist 


YJ Wu, MD 


Post-doc 


1989-1996 


California 


Medical 










practice 


Eduard Montanya, MD, PhD 


Post-doc 


1990-1993 


Hospital Bellgite, Barcelona 


Prof of 










Medicine 


Alberto Davalli, MD, PhD 


Post-doc 


1992-1995 


Instituto Scientifico, Italy 


Assoc Prof 


Yoshiji Ogawa, MD 


Post-doc 


1992-1994 


Hirosaki U, Japan 


Endo & Res 


Jyun-Huarg Juang, MD 


Post-doc 


1992-1994 


Chang Gung Hospital, Taiwan 


Assoc Prof 










Endo&Res 


Raimund Weitgasser, MD 


Post-doc 


1993-1994 


Muellener Hospital, Austin 


Staff Doc&Res 


YoshihikoNoma, MD, PhD 


Post-doc 


1993-1994 


Tokushima U, Japan 


Assoc Prof- 










Pathology 


John Capotorto, MD 


Post-doc 


1993-1995 


State Island Hospital 


Medical 










practice 


Chung Horn Lee, MD 


Post-doc 


1994-1995 


New Changi Hospital, Singapore 


Medical 










practice 


David H Zangen, MD 


Post-doc 


1994-1996 


Endo, Hadassah U, Israel 


Asst Prof Ped 








Endo 


Kazuhisa Suzuki, MD 


Post-doc 


1994-1996 


Mahoshi Hospital, Japan 


Endo & Res 


Nitin Trivedi, MD 


Post-doc 


1995-2001 


Brown U, Rhode Island 


Assistant Prof 










Medicine 


Robert Quickel, MD 


Post-doc 


1995-1997 


Wisconsin 


Staff Surgeon 


David Vasir, PhD 


Post-doc 


1995-2000 


Dana Farber 


Instructor 


Garry Steil, PhD 


Post-doc 


1996-1998 


Mini Med, Industry 


Scientist 


Krystyna Tatarkiewicz, PhD 


Post-doc 


1996-2001 


California, Industry 


Scientist 


Kun-Ho Yoon, MD 


Post-doc 


1996-1998 


St Mary's Hospital S, Korea 


Prof 



Med/Endo&Re 
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s 



Jean-Christophe Jonas, MD 


Post-doc 


1997-1998 


Belgium 


Asst Prof 


Maritza Garcia, MD 


Post-doc 


1997-1998 


Mexico City Hospital 


Endocrinologis 
t 


Maria Lopez-Avalos, PhD 


Post-doc 


1998-2001 


Universidad de Malaga 


Instructor 


David R Laybutt, PhD 


Post-doc 


1998-2001 


Garvan Institute 


Scientist 


Mitchell Keegan, PhD 


Post-doc 


1998-2001 


Boston, industry 


Research 


Abdulkadir Omer, MD 


Post-doc 


1998- 


Joslin/Harvard 


Instructor 


Hideaki Kaneto, MD, PhD 


Post-doc 


1999-2002 


Osaka University 


Scientist 


Valerie Duvivier, PhD 


Post-doc 


1999-2002 


France Industry 


Scientist 


Yolanda Hawkins 


Med Stu 


2000-2001 


ADA/support 




Amy A Jennings, PhD 


Post-doc 


2001-2001 


Connecticut, industry 


Scientist 


Yu Bai Ahn, MD 


Post-doc 


2001-2003 


Catholic University, Korea 


Assoc Prof 








Med 


Giovanni Patane, MD 


Post-doc 


2001-2002 


Cattedra di Endocrinologia, Italy 




Yoshiyuki Hamamoto, MD 


Post-doc 


2002-2004 


Hospital, Japan 


Staff Doctor 


Aileen King, PhD 


Post-doc 


2002-2005 


Kings College 


Scientist 






London, UK 




Lorella Marselli, MD, PhD 


Post-doc 


2002- 


Joslin 




Ludivina Robles, PhD 


Post-doc 


2003-2005 


Hospital, Mexico 


Staff Doctor 


Tomoyuki Akashi, MD 


Post-doc 


2003-2006 


Hospital, Japan 


Staff Doctor 


Shigeru Yatoh, MD, PhD 


Post-doc 


2003- 


Joslin 




Hitoshi Katsuta, MD, PhD 


Post-doc 


2005- 


Joslin 




Esther O'Sullivan, MD 


Post-doc 


2005- 


Joslin 




Luisa Duran 


Med Stu 


2006- 


Joslin 




Masaki Nagaya, MD, PhD 


Post-doc 


2006- 


Joslin 




Min-Ho Jung, MD, PhD 


Post-doc 


2006- 


Joslin 





2. Principal Clinical and Hospital Service Responsibilities: see above 

3. Major Administrative Responsibilities: 

1 979- 1 984 Director, Diabetes Clinic, Medical College of Virginia Hospital 
1982-1984 Vice Chairman, Department of Internal Medicine, Medical College 

of Virginia School of Medicine 
1984-1993 Chief, Section on Endocrinology, Diabetes, Metabolism, New 

England Deaconess Hospital 
1984-1991 Chief, Islet Physiology Section, Elliot P. Joslin Research 

Laboratories 

1 984- 1 993 Medical Director, Joslin Diabetes Center 

1986- Associate Director, Diabetes and Endocrinology Research Center, 

Joslin Diabetes Center 
1991- Chief, Section on Islet Transplantation and Cell Biology, Elliott P. 

Joslin Research Laboratories 
2001 Director, Diabetes Endocrinology Research Center, Joslin Diabetes 

Center 
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